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ABSTRACT

The U.S. Nuclear Regulatory Commission (NRC), Office of Nuclear Reactor Regulation (NRR),
Division of Systems Safety and Analysis (DSSA), Plant Systems Branch (SPLB), Fire Protection
Engineering and Special Projects Section has developed quantitative methods, known as “Fire
Dynamics Tools (FDT®),” to assist regional fire protection inspectors in performing fire hazard
analysis (FHA). These methods have been implemented in spreadsheets and taught at the NRC’s
quarterly regional inspector workshops. FDT® were developed using state-of-the-art fire dynamics
equations and correlations that were pre-programmed and locked into Microsoft Excel®
spreadsheets. These FDT® will enable the inspector to perform quick, easy, first-order calculations
for the potential fire scenarios using today’s state-of-the-art principles of fire dynamics. Each FDT®
spreadsheet also contains a list of the physical and thermal properties of the materials commonly
encountered in NPPs. This NUREG addresses the technical bases for FDT®, which were derived
from the principles developed primarily in the Society of Fire Protection Engineers (SFPE)
Handbook of Fire Protection Engineering, National Fire Protection Association (NFPA) Fire
Protection Handbook, and other fire science literature. The subject matter of this NUREG covers
many aspects of fire dynamics and contains descriptions of the most important fire processes. A
significant number of examples, reference tables, illustrations, and conceptual drawings are
presented in this NUREG to expand the inspector’s appreciation in visualizing and retaining the
material and understanding calculation methods.

Key Words: Fire dynamics, Hazard analysis, Inspection, Significance determination process,
Risk-informed evaluation
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DISCLAIMER

The calculation methods presented in this NUREG and programmed in the Fire Dynamics Tools
(FDT?®) spreadsheets include scientific calculations, as well as material physical and thermal
properties relevant to fire hazard analyses. Each spreadsheet on the CD ROM has been protected
and secured to avoid calculation errors attributable to invalid entries in the cell(s). Although each
calculation in each spreadsheet has been verified with the results of hand calculations, there is no
absolute guarantee of the accuracy of these calculations.

For the first-time analyst, the text in the NUREG should be read in its entirety before an analysis
is made. Most of the equations and correlations in the spreadsheets are simple mathematical
expressions commonly used in fire protection engineering today. The mathematical expressions
are not limited and sometimes give physically impossible values. Where we have encountered this
problem, the spreadsheets have red warning flags added. If a value exceeds known limits, a red
flag appears. For example a red flag appears when an equation increases the hot gas layer
temperature value as a result of a fire that well beyond those that are physically possible.

Finally, with respect to errors—of any sort whatsoever—that may still be present in text, we are of
one mind. They are the results of something the other one of us did or did not do. No one else
can share them.

To offer any questions, comments, or suggestions, or to report an error in the NUREG or FDT?,
please send an email to nxi@nrc.gov or mxs3@nrc.gov or write to:

Naeem Igbal or Mark H. Salley

Office of Nuclear Reactor Regulation

U.S. Nuclear Regulatory Commission

Mail Stop 011 A11

Washington, DC 20555-0001
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EXECUTIVE SUMMARY

The U.S. Nuclear Regulatory Commission (NRC), Office of Nuclear Reactor Regulation (NRR),
Division of Systems Safety and Analysis (DSSA), Plant Systems Branch (SPLB), Fire Protection
Engineering and Special Projects Section has developed quantitative methods, known as “Fire
Dynamics Tools (FDT®),” to assist regional fire protection inspectors in performing fire hazard
analysis (FHA). These methods have been implemented in spreadsheets and taught at the NRC’s
quarterly regional inspector workshops conducted in 2001-2002. The goal of the training is to
assist inspectors in calculating the quantitative aspects of a postulated fire and its effects on safe
nuclear power plant (NPP) operation. FDT® were developed using state-of-the-art fire dynamics
equations and correlations that were pre-programmed and locked into Microsoft Excel®
spreadsheets. These FDT® will enable the inspector to perform quick, easy, first-order calculations
for the potential fire scenarios using today’s state-of-the-art principles of fire dynamics. Each FDT®
spreadsheet also contains a list of the physical and thermal properties of the materials commonly
encountered in NPPs.

The FDT® are intended to assist fire protection inspectors in performing risk-informed evaluations
of credible fires that may cause critical damage to essential safe-shutdown equipment. This is the
process required by the new reactor oversight process (ROP) in the NRC’s inspection manual’.
In the new ROP, the NRC is moving toward a more risk-informed, objective, predictable,
understandable, and focused regulatory process. Key features of the new program are a
risk-informed regulatory framework, risk-informed inspections, a significance determination process
(SDP)?to evaluate inspection findings, performance indicators, a streamlined assessment process,
and more clearly defined actions that the NRC will take for plants based on their performance.

This NUREG addresses the technical bases for FDT®, which were derived from the principles
developed primarily in the Society of Fire Protection Engineers (SFPE) Handbook of Fire Protection
Engineering, National Fire Protection Association (NFPA) Fire Protection Handbook, and other fire
science literature. The subject matter of this NUREG covers many aspects of fire dynamics and
contains descriptions of the most important fire processes. A significant number of examples,
reference tables, illustrations, and conceptual drawings are presented in this NUREG to expand
the inspector’s appreciation in visualizing and retaining the material and understanding calculation
methods.

The content of the FDT® encompasses fire as a physical phenomenon. As such, the inspector
needs a working knowledge of algebra to effectively use the formulae presented in this NUREG
and FDT®. Acquired technical knowledge or course background in the sciences will also prove
helpful. The information contained in this NUREG is similar to, but includes less theory and detail
than, an undergraduate-level university curriculum for fire protection engineering students.

'"NRC Inspection Manual, Chapter 0609F, Appendix F, “Determining Potential Risk Significance
of Fire Protection and Post-Fire Safe Shutdown Inspection Findings,” February 27, 2001.

2NRC Inspection Manual, Chapter 0609F, Appendix F, Section F.5, “Fire Protection Risk

Significance Screening Methodology—Phase 2, Step 4: Integrated Assessment of DID Findings
(Excluding SSD) and Fire Ignition Frequency,” February 27, 2001.
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The goal of this NUREG is to develop a common body of knowledge of commercial NPP fire
protection and fire science to enable the inspector to acquire the understanding, skills, and abilities
necessary to effectively apply principles of fire dynamics to analyze the potential effects of a fire
inan NPP. The FDT® will advance the FHA process from a primarily qualitative approach to a more
quantitative approach. The development of this NUREG, the FDT®, and the quarterly inspector
workshops conducted in 2001-2002 are the NRC'’s first steps in achieving that goal.

Fire is a complex subject and transfer of its concepts to useful pursuits is a challenge. We hope
that this NUREG and the FDT® can make a difference in the NRC'’s fire protection inspection
program, specifically risk-informed fire protection initiatives such as the SDP and risk-informed
inspection of associated circuits.
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HOW TO USE THIS NUREG AND THE FDT®

This NUREG and the related Fire Dynamics Tools (FDT?®) provide first-order quantitative methods
(i.e., traditional approaches, correlations, computations, closed form approximations or exact
solutions, and hazard models) to assess the potential fire hazard development in commercial
NPPs. This NUREG is divided into chapters that correspond to FDT®. First-time users should read
this NUREG in its entirety before performing an analysis. Once the basic principles are
understood, the FDT® can be used to perform fire dynamics calculations. As explained in this
NUREG, appropriate care must be exercised to apply the FDT® within the limits of their validity.

The chapters and appendices of this NUREG provide basic text on fire protection engineering, to
provide inspectors with an overview of the basic characteristics and behavior of fire, fire hazards
of materials and buildings, and an overview of the fundamental methods of fire protection.
Appendix F of this NUREG contains a glossary of terms being used in the field of fire protection
engineering. Appendix |, "Mathematics Review and System of Units,” has been included in this
NUREG to refresh the inspector's understanding of mathematical functions, dimensional
consistency in equations, and variables used inthe FDT®. Each chapter contains practice problems
for the inspector to apply the principles learned with the FDT® program. Additional problems can
be found in Appendix J for added practice.

Each chapter in this NUREG has one or more spreadsheet(s) based on the method discussed in
the chapter. Each spreadsheet is designed to make the calculation method understandable in a
simple manner, and all of them are in the same format. The input parameter cells in each
spreadsheet are identified with yellow color. The users need to enter input data by typing (on the
keyboard) and making selections through the use of pull-down menus and dialog boxes. Many
material properties are included in the spreadsheets. This will allow the user to select a single
input, instead of entering all of the parameters associated with the input from the table. The user
simply needs to select the material from the provided list and the property data will automatically
be placed in the corresponding input yellow cells. For example, an inspector can simply click on
“concrete” in the property table menu and the correct parameters will appear in the input parameter
cells. This will also eliminate manual errors in entering the table values in the input parameter cells.
If material properties are not available in the spreadsheets table, the user will have to enter the
values manually without selecting any material from the material properties data table.

The calculation methods are shown in the spreadsheet in detail and step by step so that the
inspector can follow the application of the FHA methods. The example problems at the end of each
chapter and practice problems in Appendix J have been designed to be solved mainly with the
FDT?®, but in some cases, simple calculations are required before using the FDT®. The results of
the calculations are shown by the word "ANSWER” in the spreadsheets.

XXXi



This page intentionally left blank.

XXXii



CHAPTER 1. INTRODUCTION
1.1 Purpose

The purpose of this NUREG is to introduce the principles of fire dynamics and illustrate how fire
protection inspectors can apply those principles in a risk-informed manner to better determine
whether credible fire scenarios are possible. In this context, we broadly define the term “fire
dynamics” as the scientific study of hostile fires. The dynamic nature of fire is a quantitative and
mathematically complex subject. It combines physics, chemistry, mathematics, and engineering
principles and can be difficult to comprehend for those who have a limited background in these
areas. With the objective of quantitatively describing fire and related processes (i.e., ignition, flame
spread, fire growth, and smoke movement) and their effects in an enclosure, the Fire Dynamics
Tools (FDT®) have been developed to assist fire protection inspectors to solve problems of fire
hazard in nuclear power plants (NPPs).

The goal of this NUREG is to provide insights into fire dynamics, without using the sophisticated
mathematics that are normally associated with the study of fire dynamics. Nonetheless, inspectors
will need a working knowledge of algebra, reading graphs, scientific notation, formulas, and use
of some simple mathematics functions to understand the quantitative aspect of fire phenomena.
A better understanding of these processes will improve the quality of fire protection inspections
conducted by the U.S. Nuclear Regulatory Commission (NRC).

1.2 Objective

The primary objective of this NUREG is to provide a methodology for use in assessing potential fire
hazards in the NRC-licensed NPPs. The methodology uses simplified, quantitative fire hazard
analysis (FHA) techniques to evaluate the potential for credible fire scenarios. One purpose of
these evaluations is to determine whether a potential fire can cause critical damage to safe-
shutdown components, either directly or indirectly by igniting intervening combustibles. The
methodology used in this NUREG is founded on material fire property data implemented in
scientific calculations. In addition, the associated techniques have been assessed to ensure
applicability and accuracy, and were derived primarily from the principles developed in the Society
of Fire Protection Engineers (SFPE) Handbook of Fire Protection Engineering, and the National
Fire Protection Association (NFPA) Fire Protection Handbook. The FHA methods have been
implemented as Microsoft Excel® spreadsheets, which incorporate simple, empirical correlations
and detailed mathematical equations based on fire dynamics principles. They also build on
numerous tables of material fire property data, which have been assembled for NPPs. The
combination of these spreadsheets and data tables forms the basis for the FDT®.

1.3 Regulatory Background on Fire Protection for Nuclear Power Plants

The primary objectives of fire protection programs (FPPs) at the U.S. NPPs are to minimize both
the probability of occurrence and the consequences of fire. To meet these objectives, the FPPs
for operating NPPs are designed to provide reasonable assurance, through defense-in-depth (DID),
that a fire will not prevent the performance of necessary safe-shutdown functions and that
radioactive releases to the environment in the event of a fire will be minimized. Section Il of
Appendix R to 10 CFR Part 50, “General Requirements,” states that the fire protection program
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shall extend the concept of defense-in-depth to fire protection in fires areas that are important to
safety, with the following objectives:

(1) Prevent fires from starting.
(2) Rapidly detect, control, and extinguish those fires that do occur.

(3) Protect structures, systems, and components that are important to safety so that a fire that
is not promptly extinguished by the fire suppression activities will not prevent the safe
shutdown of the plant.

The first element of this DID approach deals with preventing fires from starting. This can be
accomplished by limiting fire sources that could initiate a fire during an accident at an NPP, and
preventing any existing ignition sources from causing self-sustaining fires in combustible materials.
Despite the nuclear industry’s best efforts to eliminate or at least control ignition sources,
accidental (and purposeful) sources of ignition often exist and can result in hostile fires. This is an
important aspect of a total fire safety program, which should not be overlooked.

The second element of the prevention element deals with rapidly detecting, controling, and
extinguishing those fires that do occur. This can achieved by preventing significant fires from
occurring, given the inadvertent or purposeful introduction of an ignition source. If all structures
and contents comprised totally noncombustible materials, this would not pose a problem. However,
this is not the case. Buildings and their contents are composed of a variety of materials of various
degrees of combustibility. Materials with higher thresholds of ignition and less hazardous
combustion are continually being developed. Regardless, at least in some cases, the higher
resistance to ignition can also result in a higher resistance to fire extinction (Hill, 1982). Electrical
cables are a good example. While cables qualified to the Institute of Electrical and Electronic
Engineers (IEEE) Standard 383 are more fire-resistant, they are also more difficult to extinguish
once they ignite. In any case, the prevention of hostile fires will likely never be the total solution
to the fire safety problem in NPPs.

The second element of the DID approach involves limiting fire spread through fire detection and
fire suppression. There are various approaches to this element. In the event of a significant fire,
its spread might be limited in the following ways:

° early human detection and manual suppression

° provision and maintenance of adequate fire detection and automatic fire suppression
systems

° a combination of manual and automatic detection and suppression systems

Heat and smoke detectors; fire alarm systems; Halon 1301, carbon dioxide (CO,), and dry chemical
fire suppression systems; automatic sprinkler, foam, and water spray systems; portable fire
extinguishers; hose stations, fire hydrants, and water supply systems; and fire brigades are all part
of the second element of the DID approach. Each is highly developed in modern fire protection
designs, and is constantly being further refined as fire technology advances. Nonetheless, the DID
concept recognizes that the first two elements of fire defense are not always entirely successful
in meeting the fire challenge.
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The third element of the DID approach involves designing NPP structures, systems, and
components (SSCs) to prevent significant damage in the event that the first two elements fail,
either partially or fully. This goal may be fulfilled in the following ways:

° Isolate combustible elements by spatial separation, such that a fire in one fuel package will
not propagate to any other fuel package.
° Isolate combustible elements by fire-resistant barriers to prevent fires from propagating

from one area to another. In particular, fire-rated horizontal and vertical barrier systems will
limit fire spread from compartment to compartment.

The NRC’s regulatory framework for FPPs at U.S. NPPs is described in a number of regulatory and
supporting guidelines, including but not limited to General Design Criterion (GDC) 3, as specified
in Appendix R to Title 10, Part 50, of the Code of Federal Regulations (10 CFR Part 50); 10 CFR
50.48; Appendix R to 10 CFR Part 50; Regulatory Guide (RG) 1.189 and other regulatory guides,
generic communications (e.g., generic letters, bulletins, and information notices), NUREG-series
reports; the standard review plan (NUREG-0800); and associated branch technical positions
(BTPs).

1.4 Fire Hazard Analysis for Nuclear Power Plants

As previously stated, fire protection for NPPs relies on the DID concept to achieve the required
degree of reactor safety by using redundant levels of administrative controls, fire protection
systems and features, and safe-shutdown capability. An FHA should be performed to assess the
fire hazard and demonstrate that the NPP will maintain its ability to perform safe shutdown
functions and minimize radioactive material releases to the environment in the event of a fire.
RG 1.189 lists the following objectives for an FHA:

° Consider potential in situ and transient fire hazards.

° Determine the consequences of fire in any location in the plant, paying particular attention
to the impact on the ability to safely shut down the reactor or the ability to minimize and
control the release of radioactivity to the environment.

° Specify measures for fire prevention, fire detection, fire suppression, and fire containment,
as well as alternative shutdown capability for each fire area containing SSCs that are
important to safety in accordance with NRC guidelines and regulations.

1.5 Fire Protection Inspection Findings

Fire protection inspection findings are generally classified as weaknesses associated with one or
more objectives of the DID elements introduced above. If a given inspection does not yield any
DID-related findings against a fire protection feature or system, the fire protection feature and
system are considered to be capable of performing their intended functions and operating in their
normal (standby) state.

1.6 Fire Scenario Development for Nuclear Power Plants
In the broadest sense, a fire scenario can be thought of as a specific chain of events that begins

with the ignition of a fire and ends either with successful plant shutdown or core damage. The fire
is postulated to occur at a specific location in a specific fuel package, and to progress through
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various stages of fire growth, detection, and suppression. In this process, the fire may damage
some set of plant equipment (usually electrical cables). For a given fire source, the FHA may
postulate damage to various sets of equipment, depending on how long the fire burns and how
large the initial fire is presumed to be. The postulated or predicted fire damage may either directly
or indirectly cause the initiating event (such as a plant trip, loss of offsite power, etc.).

When inspectors develop a fire scenario, they should postulate the worst-case, realistic fire,
provided that the compartment and configuration of the fire area, room, or zone can support such
a fire. For example, a large cabinet fire is one in which fire damage initially extends beyond the
cabinet in which the fire originated. The fire damage attributed to a large cabinet fire often extends
into the overhead cabling, an adjacent cabinet, or both. A large fire for a pump or motor can often
be based initially upon the largest (worst-case) oil spill from the equipment. If the configuration of
the compartment, combustibles, etc., supports further growth of the large fire, the fire scenario
should postulate that growth. Since scenarios that describe large fires are normally expected to
dominate the risk-significance of an inspection finding, scenarios with small fires typically are not
included unless they spread and grow into large fires.

1.7 Process of Fire Development

Fire hazards to NPP equipment can arise from many sources, including (but not limited to) thermal
damage, fouling, and corrosivity. Fire is essentially a chemical reaction involving solids, liquids,
and gases that ignite and undergo a rapid, self-sustaining oxidation process, accompanied by the
evolution of heat and light of varying intensities. However, the chemical and physical reactions that
take place during a fire are extremely complex and often difficult or impractical to describe
completely.

The most common fires start as a result of the ignition of solid or liquid fuels (combustible
materials). Solid and liquid fuels typically become volatile and serve as suppliers of gaseous fuel
to support combustion. In the physical model (illustrated in Figure 1-1) the process of fire
development begins when the fuel surface starts to heat up as a result of heat transfer from the
adjacent surroundings.

As the temperature of the fuel surface increases in response to this heat input, the fuel surface
begins to emit fuel vapors. The fuel vapors mix (by convection and diffusion) with oxygen in the
adjacent boundary layer, ignite (through a chemical reaction), and release additional heat. Some
of this liberated heat energy may further increase the surface temperature of the fuel and thereby
accelerate the fire growth process.

Many materials react with oxygen to some degree; however, various materials differ in their
respective rates of reaction. The difference between slow-and rapid-oxidation reactions is that the
latter occur so rapidly that heat is generated faster than it is dissipated, causing the material being
oxidized (fuel) to reach its ignition temperature. Once a material reaches its ignition temperature,
it ignites and continues to burn until either the fuel or the oxygen is consumed. The heat released
during combustion is usually accompanied by a visible flame. However, some materials (such as
charcoal) smolder, rather than producing a visible flame.

A familiar slow-oxidation reaction is the rusting of iron. Such a reaction releases heat so slowly that
the temperature hardly increases more than a few degrees above the temperature of the
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surroundings. These slow reactions typically do not cause fires and, as such, are not considered
combustion.

Generally, three components are required to support combustion. These three components—fuel,
oxygen and heat source—are depicted in Figure 1-2, which is commonly called the fire triangle.
The fire triangle shows that for combustion to occur, fuel, an oxidizing agent, and a heat source
must be present in the same place at the same time. If any one of the legs of the triangle is
removed, the combustion process will not be sustained. This is the most basic description of the
fire phenomenon. It is applicable for most scenarios, with the exception of fire extinguishment
involving dry chemicals and Halons.

1.8 The Fire Hazards

The fire load of NPPs is different than that of fossil-fuel power plants and many other industrial
plants. The NPP does not have a constant flow of fuel (e.g., coal or oil) as the hazard. However,
the NPP may have similar fire hazards, such as grouped electrical cables and lubricating oils (e.g.,
turbine, reactor coolant pumps.) Table 1-1 lists the combustibles and hazardous materials that are
commonly present in NPPs.

Table1-1. Common Combustible and Hazardous Materials in NPPs

Combustible solid fuels

Cable insulation and jackets

Other thermal and electric insulation materials ( e.g., pipe insulation)

Building materials

Combustible metal deck and roof assemblies

Filtering materials including charcoal and high-efficiency particulate air (HEPA) filters
Packing materials and waste containers

Flexible materials used in connection with a seismic design, including flexible joints
Sealing materials (e.g., asphalt, silicone foam, neoprene, etc.)

Solidification agents for packing compacted radioactive waste conditioning (e.g., bitumen)
Low-level radioactive waste material (e.g., paper, plastic, anti-C-zone clothing, rubber shoes
and gloves, overalls, etc.)

Combustible and flammable liquid fuels

Lubricants, hydraulic oil, and control fluids

Conventional fuels for emergency power units, auxiliary boilers, etc.
Paints and solvents

Explosive and flammable gaseous fuels

Hydrogen to cool the generators

Propane or other fuel gases, such as those used for starting boilers, burning radwaste, etc.
Oxygen and hydrogen radiolysis of reactor coolant water within the pressure vessel and
addition of hydrogen for improved recombination

Hydrogen generated in battery room as a result of overcharging a battery

The quantities and locations of these combustibles vary among NPPs. More importantly,
identification of these combustibles and their characteristics only partially identifies the associated
fire hazard. The bearing that the fire hazards have on nuclear safety must also be considered in
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defining the total fire hazard. Nuclear safety factors include maintaining the safe-shutdown
capability and preventing radiation releases that exceed acceptable limits.

Fire hazards related to NPPs include (but are not limited) to the following examples:

fire hazard associated with electrical cable insulation

fire hazard of ordinary combustibles

oil fire hazards associated with large reactor coolant pump motors
oil fire hazard involving emergency turbine-driven feedwater pumps
diesel fuel fire hazard at diesel-driven generators

fire hazard involving charcoal in filter units

fire hazard associated with flammable offgases

fire hazard of protective coatings

fire hazard of turbine lube oil and hydrogen seal oil

hydrogen cooling gas fire hazard in turbine generator buildings

fire hazard associated with electrical switchgear, motor control centers (MCCs), electrical
cabinets, load centers, inverter, circuit boards, and transformers

1.8.1 Combustible Materials Found in Nuclear Power Plants

Combustible materials may be found in both large and small concentrations in NPPs. One can
assume that outbreaks of fire may occur as a result of a variety of ignition sources. In general, the
combustible materials in an NPP can be divided into four broad fuel categories, including

(1) transient solid and liquid fuels, (2) in situ combustible consisting both solid and liquid fuels,
(3) liquid fuels used in NPP equipment, and (4) explosive and flammable gases, as described in
the following sections.

1.8.1.1 Transient Combustibles

Solid transient fuels include general trash, paper waste, wood, plastics, cloth, and
construction/modification materials. By contrast, liquid transient fuels commonly include cleaning
solvents, paints, and lubricants being transported through the NPP for maintenance of plant
equipment. These fuels are generally found in small quantities in most NPP areas at any given
time.

1.8.1.2 In Situ Combustibles

The most common category of potential fuels found in NPPs are in situ solid fuel elements. Of
these, the largest single potential fuel source is cable insulation and jacketing materials. Several
factors combine to support the conclusion that cable insulation and jacketing material far and away
represent the most important materials to be considered in an NPP FHA. Cable insulation and
jackets are typically manufactured using organic compounds and, therefore, they will burn under
the proper circumstances.

The fire hazard associated with electrical cable insulation and jackets in NPPs is similar to that of
other occupancies (e.g., telephone exchange) that use cable trays to support a large number of
power, control, and instrument cables. However, an additional factor in NPPs is the added hazard
associated with loss of redundancy.
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A wide variety of cable insulation and jacketing materials can be commonly found in any given
NPP. Cable insulation and jackets commonly encountered in an NPP include materials based on
the following compounds:

acrylonitrile-butadiene-styrene (ABS)

chlorinated polyvinylchloride (CPVC)

chlorosulfonated polyethylene rubber (CSP or CSM) (Hypalon®)
chlorotrifluoroethylene (CTEF) (Kel-F®)

cross-linked polyolefin (XLPO) including more specific class of cross-linked polyethylene
(XLPE)

ethylenetetrafluoroethylene (ETFE) (Tefzel®)
ethylene-propylene rubber (EPR)

florinated polyethlene-propypropylene (FEP) (Teflon®)
neoprene or chloroprene rubber (CR)

polycarbonate (PC)

polyethylene (PE)

polyethylene fluoride (PEF)

polyethersulphone (PES)

polypropylene (PP)

polystyrene (PS)

polytetrafluroethylene (PTEF) (Teflon®)

polyurethane (PU)

polyvinyl chloride (PVC)

silicone and silicone/rubber compounds
styrene-butadiene rubber (SBR)

tetrafluoroethylene (TFE) (Teflon®)

1.8.1.3 Liquid Fuels

Liquid fuels include lubricating and cooling oils, cleaning solvents, and diesel fuels. These items
are commonly used in pumps, motor generators, hydraulic-operated equipment, diesel-driven
engines, transformers, and other equipment that requires lubrication and cooling with heat
transferring oils. Fire involving such types of equipment is relatively common and usually results
from leakage or overheating.

1.8.1.4 Explosive and Flammable Gases

Explosive and flammable gases are often present in an NPP. The most common is hydrogen,
which is present as a blanket inside the main generator and a byproduct of reactor operation
(through dissociation of water). Battery rooms in NPPs are also a source of hydrogen gas
production.

Gases can be categorized as flammable and nonflammable. In addition, some gases are not
flammable but support combustion. For example, oxygen does not burn; however, most fires burn
more rapidly if the oxygen concentration is increased.

A general word of caution about gaseous fuels: when a compressed gas, like butane, is released,
the visible vapor cloud indicates that the gas is colder than the air temperature and, consequently,
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condensing the moisture in the air. It appears much like a fog; however, this visible cloud is not
the extent of the gaseous vapor. This is because the vapor disappears from view as it warms up,
but may still linger in the area. Thus, it is possible to stand in an invisible gaseous vapor with a
concentration that is within the flammable range. If the vapor were to ignite, the person could be
burned severely, if not killed.

1.9 Location of the Fire

Exposure fires involving transient combustibles are assumed to have an equal probability of
occurring anywhere in a space or an enclosure, while fires involving fixed combustibles are
assumed to occur at the site of the fixed combustible. Since the hazard is greater when a fire is
located directly beneath a target (cable tray or electrical cabinet), this placement is normally
evaluated for scenarios involving transient combustibles. For fixed combustibles, the actual
geometry between the source and the target is evaluated to determine whether the target is located
in the fire plume or ceiling jet region.

1.10 Risk-Informed, Performance-Based Fire Protection

Risk-informed, performance-based fire protection is an integration of decision-based and
quantitative risk assessment with a defined approach for quantifying the performance success of
fire protection systems (FPSs) (Berry, 2002).

Performance-based fire safety engineering is defined as “An engineering approach to fire
protection design based on (1) agreed upon fire safety goals, loss objectives, and design
objectives; (2) deterministic and probabilistic evaluation of fire initiation, growth, and development;
(3) the physical and chemical properties of fire and growth effluents; and (4) a quantitative
assessment of the effectiveness of design alternatives against objectives,” (Custer and Meacham,
1997).

One primary difference between prescriptive and performance-based designs is that a fire safety
goal, life safety, property protection, mission continuity, and environmental impact are explicitly
stated in the performance-based design, while prescriptive requirements may inhibit fire safety
components from the design. Performance-based fire protection design is widely used by various
countries around the world including United States. The application of performance-based
approach to fire safety analysis will certainly continue to gain widespread acceptance in the future
as an alternative to prescriptive building and fire codes.

Risk is a quantitative measure of fire incident loss potential in terms of both the event likelihood and
aggregate consequences. In the risk-informed approach, the analyst factors if the severity of a fire,
as well as the likelihood that the fire will occur. For example, based on the knowledge and
experience of the equipment operator, a fire in a given turbine generator is likely to occur
80-percent of the time. Similarly based on the knowledge and experience of the fire protection
engineer, the sprinkler system protecting that generator is 90-percent likely to contain and control
that fire. Because the risk-informed, performance-based methodology quantifies the likelihood of
a fire hazard and the likelihood that the fire protection system will contain or control the fire, it
provides a more realistic prediction of the actual risk.



The risk-informed, performance-based approach presents a more realistic predication of potential
fire hazards for a given system or process or for an entire operation. The performance-based
approach provides solutions based on performance to established goals, rather than on prescriptive
requirements with implied goals. Solutions are supported by operator and management about
processes, equipment, and components; the buildings or structural housing them; operation data
and maintenance personnel; and the fire protection systems in place. Published performance data
pertaining to these aspects are also incorporated into the analysis.

1.11 Data Sources for Combustible Materials Found in Nuclear Power Plants
The following references provide fire property data related to NPPs:
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CHAPTER 2. PREDICTING HOT GAS LAYER TEMPERATURE AND SMOKE
LAYER HEIGHT IN A ROOM FIRE WITH NATURAL AND
FORCED VENTILATION

21 Objectives
This chapter has the following objectives:

Explain the different stages of a compartment fire.

Identify the types of forced and natural ventilation systems.

Explain how the various types of forced ventilation systems work.

Describe how to calculate the hot gas layer temperature and smoke layer height for a fire
in a compartment with both natural and forced ventilation systems.

2.2 Introduction

In evaluating the environmental conditions resulting from a fire in an enclosure, it is essential to
estimate the temperature of the hot fire gases. These elevated temperatures can often have a
direct impact on NPP safety. A temperature estimate is also necessary in order to predict mass
flow rates in and out through openings, thermal feedback to the fuel and other combustible objects,
and thermal influence (initiating stimulus) on detection and suppression systems. Heat from a fire
poses a significant threat to the operation of NPP, both when the component and equipment come
in contact with heated fire gases and when heat is radiated from a distance.

2.3 Compartment Fire Growth

A compartment or enclosure fire is usually a fire that is confined to a single compartment within a
structure. Ventilation is achieved through open doors and windows, as well as heating, ventilation,
and air-conditioning (HVAC) systems. Such a fire typically progresses through several stages (or
phases) as a function of time, as discussed in the next section.

2.3.1 Stages of Compartment Fires

Initially, fire in a compartment can be treated as a freely burning, unconfined fire. This treatment
is a valid approximation until thermal feedback or oxygen depletion in the compartment becomes
significant. In many ventilated spaces, the ventilation is stopped automatically under fire
conditions, either through the shutdown of fan units or the closing of fire doors and dampers. In
other spaces, however, ventilation systems may continue to operate or unprotected openings may
remain open. The course of compartment fires, and the conditions that result, depend on the
following variables (among others):

fire heat release rate (HRR) of the combustible
enclosure size

enclosure construction

enclosure ventilation

Conceptually, compartment fires can be considered in terms of the four stages illustrated in Figures
2-1 and 2-2. The initial stage of compartment fires is the fire plume/ceiling jet phase. During this
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stage, buoyant hot gases rise to the ceiling in a plume above the fire and spread radially beneath
the ceiling as a relatively thin jet. As the plume gases rise to the ceiling, they entrain cool, fresh
air. This entrainment decreases the plume temperature and combustion product concentrations,
but increases the volume of smoke. The plume gases impinge upon the ceiling and turn to form
a ceiling jet, which can continue to extend radially until it is confined by enclosure boundaries or
other obstructions (such as deep solid beams at the ceiling level).

Once the ceiling jet spreads to the full extent of the compartment, the second stage of
compartment fires ensues. During this stage, a layer of smoke descends from the ceiling as a
result of air entrainment into the smoke layer and gas expansion attributable to heat addition to the
smoke layer. The gas expansion, in turn increases the average temperature of the smoke layer.
However, the continuing entrainment of cool, fresh air into the smoke layer tends to slow this
temperature increase.

The duration of this second stage (an unventilated compartment smoke filling phase) depends on
the HRR of the fuel, the size and configuration of the compartment, the heat loss histories, and the
types and locations of ventilation openings in the compartment. In closed compartments, the
smoke layer continues to descend until the room is filled with smoke or until the fire source burns
out, as a result of either fuel consumption or oxygen depletion. In ventilated compartments, the
smoke layer descends to the elevation where the rate of mass flow into the smoke layer is
balanced by the rate of flow from the smoke layer through natural or mechanical ventilation.

The preflashover vented fire stage begins when smoke starts to flow from the compartment.
Ventilation may occur naturally through openings in compartment boundaries (such as doorways),
or it may be forced by mechanical air handling systems. The smoke layer may continue to expand
and descend during the preflashover vented fire stage.

The final stage of compartment fires, known as the postflashover vented phase, represents the
most significant hazard, both within the fire compartment and as it affects remote areas of a
building. This stage occurs when thermal conditions within the compartment reach a point at which
all exposed combustibles ignite, virtually simultaneously in many cases, and air flow to the
compartment is sufficient to sustain intense burning. During this stage, the rate of air flow into the
compartment and, consequently, the peak rate of burning within the compartment, become limited.
The ventilation is limited by the sizes, shapes, and locations of boundary openings for naturally
ventilated spaces, or by the ventilation rate from mechanically ventilated spaces. With adequate
ventilation, flames may fill the enclosure volume and result in a rapid change from a developing
compartment fire to full compartment involvement. This point is commonly referred to as
“flashover.” Flashover is the point in compartment fire development which can evolve as a rapid
transition from a slowly growing to fully developed fire. The underlying mechanism in this
phenomenon is essentially a positive feedback from the fire environment to the burning fuel. The
formation of a hot ceiling layer at the early stages of a fire leads to radiative feedback to the fuel,
which, in turn, increases the burning rate and the temperature of the smoke layer. If heat losses
from the compartment are insufficient, a sharp increase in the fire’s power (i.e., flashover) will
eventually occur.

The International Standards Organization (ISO) formally defines flashover as “the rapid transition
to a state of total surface involvement in a fire of combustion material within an enclosure.” In fire
protection engineering, the term is used as the demarcation point between the preflashover and
postflashover stages of a compartment fire. Flashover is not a precise term, and several variations
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in its definition can be found in the literature. The criteria given usually require that the temperature
in the compartment reaches 500 to 600 °C (932 to 1,112°F), the radiation heat transfer to the floor
of the compartment is 15 to 20 kW/m? (1.32 to 1.76 Btu/ft>-sec), or flames appear from the
compartment openings. In a compartment with one opening, flashover is principally described by
four stages. Specifically, the hot buoyant plume develops at the first stage following ignition, and
then reaches the ceiling and spreads as a ceiling jet during the second stage. During the third and
fourth stages, the hot layer expands and deepens, while flow through the opening is established.

Flashover usually causes the fire to reach its fully developed state, in which all of the fuel within the
room becomes involved. However, all of the fuel gases may not be able to combust within the
room because the air supply is limited. Such an air-limited fire is commonly termed “ventilation-
limited” or “ventilation-controlled”, as opposed to a “fuel-limited” fire, which is a fire that has an
ample supply of oxygen and is limited by the amount of materials (fuel) burning.

2.3.2 Ventilation-limited or Ventilation-controlled Fires

A ventilation-limited or ventilation-controlled fire is one that experiences low oxygen concentration
as a result of insufficient air supply. The hot fire gases typically have nearly zero oxygen.

2.3.3 Fuel-limited Fires

In contrast to a ventilation-limited fire, a fuel limited fire is a compartment fire in which the air supply
is sufficient to maintain combustion, but the amount of fuel that is burning limits the fire size.

24 Compartment Ventilation

Mechanical or forced ventilation is accomplished with fans to create the pressure differentials to
produce the desired flows of air. Exhaust in the ventilation process that draws noxious air
entrained particulate and vapors from a compartment, collect them into ducts for transport to the
outside or to equipment that cleans the air before discharging it to the outside or returning it to the
area of origin. In a closed area, exhaust cannot operate at the flows required without having an
equal supply of makeup air available. “Makeup air” and “replacement air” are the terms commonly
used to refer to the air that has to be brought into a space to limit pressure gradients so that the
exhaust process can operate as designed. This air may be brought directly into a space via ducts
or indirectly via openings from adjacent areas. The quantity of makeup air must be of a sufficient
flow rate to allow the exhaust system to operate within its pressure differential design parameters,
yet not be so great as to create a positive pressure within the compartment.

Mechanically ventilated compartments are a common environment for fire growth in NPP
structures. A fire in a forced-ventilation compartment is markedly different than in a compartment
with natural ventilation. An important factor is that the stratified thermal hot gas layer induced by
the fire in a naturally ventilated compartment might be unstable in a forced ventilation compartment.
Normally, a ventilating system recirculates most of the exhaust air. If normal operation were to
continue during afire, this recirculation could result in smoke and combustion products being mixed
with supply air, and the contaminated mixture being delivered throughout the ventilation zone. To
prevent this, dampers are often placed in the system. Upon fire detection in an engineered smoke
control system, the damper positions are changed so that all exhaust from the fire zone is dumped,
and 100-percent makeup air is drawn from outside the building.
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Mechanically ventilated spaces are generally easier to analyze than naturally ventilated spaces
since the ventilation rate is known with better precision. The volumetric flow rate is a function of
pressure-flow characteristics of the fan units serving the space, as well as the operating control
procedures followed under fire conditions. The following four general types of mechanical
ventilation systems are commonly encountered as illustrated in Figure 2-3:

2.41

Push Systems - Push systems mechanically supply fresh (outside) air into a compartment
at the design volumetric flow rate of the system, while air expulsion occurs freely through
transfer grills, registers, or diffusers in the compartment.

Pull Systems - Pull systems mechanically extract hot gases (smoke) from a compartment.
Pull systems are designed to extract smoke from a compartment based on the volumetric
flow rate of the system. The density of smoke is normally less than that of ambient air
because the smoke is at an elevated temperature.

Push-Pull Systems- Push-pull systems both inject and extract air mechanically, with the
supply and exhaust fan units typically sized and configured to produce balance supply and
exhaust rates under normal operation. Push-pull systems cannot continue to operate at
their balanced design flow rate under fire conditions. If the supply and exhaust fan units
continue to inject and extract air at the same balanced design volumetric flow rates, the rate
of mass injection will exceed the rate of mass extraction because of the difference in the
densities of the supply and exhaust streams.

Recirculation Systems - Recirculation systems typically use a single fan unit to mechanically
extract air from a space, condition it, and return it to the same space.

Definitions

Volume Flow Rate handled by the fan is the number of cubic feet of air per minute (cfm)
expressed at fan inlet conditions.

Fan Total Pressure Rise is the fan total pressure at the outlet minus the fan total pressure
at ath inlet (in. of water).

Fan Velocity Pressure is the pressure corresponding to the average velocity determined
from the volume flow rate and fan outlet area (in. of water).

Fan Static Pressure Rise is the fan total pressure rise diminished by the fan velocity

pressure. The faninlet velocity head is assumed to be equal to zero for fan rating purposes
(in. of water).
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25 Temperature

When discussing gases, temperature is a measure of the mean kinetic energy of the molecules
in a gas. Temperature defines the conditions under which heat transfer occurs. A gas
temperature, T,, describes precisely the state of the average molecular energy in that gas.
However that description is not particularly useful for the purposes of describing the physical
phenomena that are relevant to fire science. In a broad sense, temperature can be thought of as
a measure of the state of a system. Materials behave differently at different temperatures. Water,
for example, at atmospheric pressure, is solid below 0 °C (32 °F), liquid between 0 °C (32 °F) and
100 °C (212 °F), and gaseous above 100 °C (212 °F). Similarly, plastic materials begin to gasify
at a certain temperature. At a slightly higher temperature, they gasify enough to ignite, and at still
higher temperatures, they may self-ignite. For our purpose, then, temperature can be viewed as
an indicator of the state of an object system.

There are standard ways to define temperature. The most common are the Fahrenheit and Celsius
scales of temperature. Related to these scales is the Kelvin absolute temperature scale’. The
correspondence between the scales is illustrated in Table 2-1.

Table 2-1. Temperature Conversions
Original Unit Conversions
Celsius, T¢ Fahrenheit, T Kelvin, Ty
Celsius, T - 9/5 (T;) + 32 T, +273.15
Fahrenheit, T, 5/9 (Te - 32) - 5/9 (Tg + 459.7)
Kelvin, T, T -273.15 9/5(T, - 255.37) -

The difference between the relative temperature scale and its absolute counterpart is the starting
point of the scale. That s, 0 °C is equal to 273 Kelvin and each degree on the Celsius scale is
equal to 1 degree on the Kelvin scale. By contrast, the English unit temperature scale and Sl
(metric) unit temperature scale differ in two main ways. Specifically, zero is defined differently in
Celsius than in Fahrenheit, and one degree Fahrenheit represents a different quantity of heat than
one degree Celsius for a given heat capacity and mass. It is important to remember that these
temperature scales are arbitrary, but they relate to important physical processes and the effect of
temperature on an object is what we are really interested in.

Table 2-2 lists the critical temperatures for different exposure conditions and the resultant effects
on humans.

'The Rankine scale is used for absolute zero in the English units. Since most fire dynamics
equations will be solved in Sl units, it will not be discussed here.
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Table 2-2. Critical Temperatures for Different Exposure Conditions and Effects on Humans
[Chartered Institution of Building Services Engineers (CIBSE) Guide E, 1997]
(Waiting for Copyright Permission)

In order to calculate or predict the temperatures in a compartment, a description or analytical
approximation of the fire phenomena must be created in quantitative terms. This approximation
is described in terms of physical equations for chemistry, physics, mathematics, fluid mechanics,
and heat and mass transfer, which can be solved to predict the temperature in the compartment.
Such an approximation, therefore, is an idealization of the compartment fire phenomena (i.e.,
ignition, flame spread, and burning rate).

2.6 Estimating Hot Gas Layer Temperature

This section presents methods predicting the temperature achieved by the hot gas layer in an
enclosure fire; these methods are currently the most widely accepted in the fire protection
engineering literature. Nonetheless, the methods employ assumptions and limitations, which must
be understood before using any of the methods presented.

2.6.1 Natural Ventilation: Method of McCaffrey, Quintiere, and Harkleroad (MQH)

The temperatures throughout a compartment in which a fire is burning are affected by the amount
of air supplied to the fire and the location at which the air enters the compartment. Ventilation-
limited fires produce different temperature profiles in a compartment than well-ventilated fires.

A compartment with a single rectangular wall opening (such as a door or window) is commonly
used for room fire experiments. They also are commonly involved in real fire scenarios, where a
single door or vent opening serves as the only path for fire-induced natural ventilation to the
compartment. The hot gas layer that forms in compartment fires descends within the opening until
a quasi-steady balance is struck between the rate of mass inflow to the layer and the rate of mass
outflow from the layer.

A complete solution of the mass flow rate in this scenario requires equating and solving two non-
linear equations describing the vent flow rate and the plume entrainment rate as a function of the
layer interface height (the layer in a compartment that separates the smoke layer from the clear
layer). If it is nonvented, the smoke layer gradually descends as the fire increases, thereby
lowering the smoke interface and (possibly) eventually filling the compartment. McCaffrey,
Quintiere, and Harkleroad (MQH) (1981) (also reported by Walton and Thomas, 1995 and 2002)
have developed a simple statistical dimensionless correlation for evaluating fire growth in a
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compartment (hot gas layer temperature) with natural ventilation. This MQH correlation is based
on 100 experimental fires (from 8 series of tests involving several types of fuel) in conventional-
sized rooms with openings. The temperature differences varied from AT = 20 °C (68 °F) to 600 °C
(1,112 °F). The fire source was away from walls (i.e., data was obtained from fires set in the center

of the compartment). The larger the HRR(Q), and the smaller the vent, the higher we expect the

upper-layer gas temperature to increase. The approximate formula for the hot gas layer
temperature increase, AT, above ambient (T, - T, ) is as follows:

. 3

Q2
(A, )(Ash,) &
Where:

AT, = upper layer gas temperature rise above ambient (T, - T,) (K)

O = heat release rate of the fire (kW)

A, = total area of ventilation opening(s) (m?)

h, = height of ventilation opening (m)

h, = heat transfer coefficient (kW/m?-K)

A, = total area of the compartment enclosing surfaces (m?), excluding area of vent
opening(s).

AT, = 6.85

The above equation can be used for multiple vents by summing the values, as follows:

AB,
(S (rm)

where n is the number of vents, and can be used for different construction materials by summing
the A; values for the various wall, ceiling, and floor elements.

i

For very thin solids, or for conduction through a solid that continues for a long time, the process
of conduction becomes stationary (steady-state). The heat transfer coefficient, h,, after long
heating times, can be written as follows:
h, =< 22
o
Where:
k = thermal conductivity (kW/m-K) of the interior lining
d = thickness of the interior lining (m)

This equation is useful for steady-state applications in which the fire burns longer than the time
required for the heat to be transferred through the material until it begins to be lost out the back

(cold) side. This time is referred to as the thermal penetration time, t,, which can be calculated as:
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p = density of the interior lining (kg/m?)

¢, = thermal capacity of the interior lining (kJ/kg-K)

k = thermal conductivity of the interior lining (kW/m-K)
d = thickness of the interior lining (m)

Where:

However, if the burning time is less than the thermal penetration time, t,, the boundary material
retains most of the energy transferred to it and little will be lost out the non-fire (cold) side. The
heat transfer coefficient, h, in this case, can then be estimated using the following equation for

t< tp:
k
h, = /%C (2-4)
Where:

kpc = interior construction thermal inertia [(kW/m?-K)?-sec]
(thermal property of the material responsible for the rate of temperature increase)
t = time after ignition in seconds (characteristic burning time)

By contrast, for t > t, the heat transfer coefficient is estimated from Equation 2-2 as follows:

k
h, =—
£ 5
Where:

k = thermal conductivity of the interior lining (kW/m-K)
d = thickness of the interior lining (m)

As indicated above, the kpc parameter is a thermal property of the material responsible for the rate
of temperature increase. This is the product of the material thermal conductivity (k), the material
density (p), and the heat capacity (c). Collectively, kpc is known as the material thermal inertia.
For most materials, ¢ does not vary significantly, and the thermal conductivity is largely a function
of the material density. This means that density tends to be the most important material property.
Low-density materials are excellent thermal insulators. Since heat does not pass through such
materials, the surface of the material actually heats more rapidly and, as a result, can ignite more
quickly. Good insulators (low-density materials), therefore, typically ignite more quickly than poor
insulators (high-density materials). This is the primary reason that foamed plastics are so
dangerous in fires; they heat rapidly and ignite in situations in which a poor insulator would be
slower to ignite because of its slower response to the incident heat flux. The thermal response
properties (kpc), for a variety of generic materials have been reported in the literature. These
values have been derived from measurements in the small-scale lateral ignition and flame spread
test (LIFT) apparatus (ASTM E1321). Table 2-3 lists typical thermal properties of variety of
materials.
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Table 2-3. Thermal Properties of Compartment Enclosing Surface Materials
(Klote and Milke, 2002) (Waiting for Copyright Permission)

The compartment interior surface area can be calculated as follows:
A; = ceiling + floor 2 (w,x1,)
+ 2 large walls 2 (h, x w,)
+ 2 small walls 2 (h,x1,)
- total area of vent opening(s) (A,)

AT = [2 (Wc X Ic) +2 (hc X Wc) +2 (hc X Ic)] - Av (2'5)

Where:
A, = total compartment interior surface area (m?), excluding area of vent opening(s)
w, = compartment width (m)
|, = compartment length (m)
h, = compartment height (m)
A, = total area of ventilation opening(s) (m?)
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2.6.2 Natural Ventilation: Compartment Closed - Method of Beyler

Beyler (1991) (also reported by Walton and Thomas, 2002) developed a correlation based on a
nonsteady energy balance to the closed compartment, by assuming that the compartment has
sufficient leaks to prevent pressure buildup. For constant HRR, the compartment hot gas layer
temperature increase, AT, above ambient (T, - T,) is given by the following equation:

AT, =T, T, = 252 (Ke-1+e7) (2-6)
Kl
Where:
2 (0.4 kpc)
K, =
me
K, =2
me
And:

AT, = upper layer gas temperature rise above ambient (T, - T,) (K)
k = thermal conductivity of the interior lining (kW/m-K)

p = density of the interior lining (kg/m®)

¢ = thermal capacity of the interior lining (kJ/kg-K)

O = heat release rate of the fire (kW)

m = mass of the gas in the compartment (kg)
¢, = specific heat of air (kJ/kg-k)
t = exposure time (sec)

2.6.3 Forced Ventilation: Method of Foote, Pagni, and Alvares (FPA)

Foote, Pagni, and Alvares (FPA) (1985) (also reported by Walton and Thomas, 1995 and 2002)
developed another method, which follows the basic correlations of the MQH method, but adds
components for forced-ventilation fires. This method is based on temperature data that were
obtained from a series of tests conducted at the Lawrence Livermore National Laboratory (LLNL).
Fresh air was introduced at the floor and pulled out the ceiling by an axial fan. The approximate
constant HRR and ventilation rates were chosen to be representative of possible fires in ventilation-
controlled rooms with seven room air changes per hour.

The upper-layer gas temperature increase above ambient is given as a function of the fire HRR,
the compartment ventilation flow rate, the gas-specific heat capacity, the compartment surface
area, and an effective heat transfer coefficient. The nondimensional form of the resulting
temperature correlation is as follows:
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mc, T, »

a

Where:
AT, = hot gas layer temperature rise above ambient (T,- T,) (K)
T, = ambient air temperature (K)
Q = HRR of the fire (kW)
m = compartment mass ventilation flow rate (kg/sec)
¢, = specific heat of air (kJ/kg-K)
h, = heat transfer coefficient (kW/m?-K)
A, = total area of compartment enclosing surfaces (m?)

The above correlation for forced-ventilation fires can be used for different construction materials
by summing the A; values for the various wall, ceiling, and floor elements.

2.6.4 Forced Ventilation: Method of Beyler and Deal

Deal and Beyler (1990) (also reported by Walton and Thomas, 2002) developed a simple model
of forced ventilated compartment fires. The model is based on a quasi-steady simplified energy
equation with a simple wall heat loss model. The approximate compartment hot gas layer
temperature increase, AT, above ambient (T, - T, ) is given by the following equation:

AT, =T,-T,=— 2 (2-8)
mc, +h, A,
Where:
AT, = hot gas layer temperature rise above ambient (T;- T,) (K)
T, = ambient air temperature (K)
Q = HRR of the fire (kW)
m = compartment mass ventilation flow rate (kg/sec)
¢, = specific heat of air (kJ/kg-K)
h, = convective heat transfer coefficient (kW/m?-K)
A; = total area of compartment enclosing surfaces (m?)

The convective heat transfer coefficient is given by the following expression:

h, = 0.4 max (‘/kpc, kj (2-9)
t 1)
Where:

k = thermal conductivity of the interior lining (kW/m-K)
p = density of the interior lining (kg/m®)

¢ = thermal capacity of the interior lining (kJ/kg-K)

t = exposure time (sec)

d = thickness of the interior lining (m)

2-14



2.7 Estimating Smoke Layer Height

When afire occurs in a compartment, within few seconds of ignition, early flame spread can quickly
lead to a flaming, free-burning fire. If left unchecked, the fire continues to grow. Besides releasing
energy, the combustion process also yields a variety of other products, including toxic and nontoxic
gases and solids. Together, all of these products are generally referred to as the “smoke” produced
by the fire.

As the flame spreads across the fuel surface, the fire size, which can be described as the HRR,
increases. As the size increases, the radiation heat transfer from the flame to the fuel surface
increases, and this increases the burning rate. If the flame has not involved the entire surface
area, this increased fire size accelerates the flame spread. Above the flame zone, a buoyant
plume is formed. The plume entrains ambient air, which both cools the gas and increases the flow
rate. In a typical compartment, the plume strikes the ceiling and forms a ceiling jet, which in turn
strikes a wall, and the compartment begins to fill with hot smoke from the ceiling downward. The
plume continues to entrain ambient air, adding mass to the layer until it reaches the upper gas
layer. Here, as the gas layer descends, less mass is entrained into it. Thus, the amount of gas
flow from the plume is a function of the fire size and the height over which entrainment occurs.

As previously stated, the temperature and composition of gas entering the hot gas layer are driven
by the fire source and the plume. Once the hot gas enters this hot layer, it cools by losing energy
to surrounding surfaces (i.e., ceiling, walls) by conduction, and cools by radiating heat energy to
the floor and the cool gas layer near the floor. The rate of descent of the hot gas layer is driven
by the size of the compartment and the amount of mass flow from the plume. Since the plume
mass flow is a function of the height beneath the gas layer, the layer descends at a progressively
slower rate as it gets closer to the fire source.

The plume essentially mixes cool air with the combustion products, thereby increasing the total flow
into the hot gas layer, while reducing its temperature and the concentration of gases flowing into
it. The plume can only add mass to the upper layer by entrainment along the plume axis below the
hot gas layer position. Once it penetrates the hot gas layer, it entrains hot gas, helping to mix the
layer, but not increasing its depth.

One of the most important processes that occurs during the early stages of a compartment fire is
the filling of the compartment with smoke. Although the hot layer gas temperatures are relatively
low [< 200 °C (392 °F)], the composition of the smoke relative to visibility and toxicity and the
vertical position of the layer are of interest. Figure 2-4 shows this process schematically.
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Figure 2-4 Smoke Filling in a Compartment Fire
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2.7.1 Smoke Layer

The smoke layer can be described as the accumulated thickness of smoke below a physical or
thermal barrier (e.g., ceiling). The smoke layer is typically not a homogeneous mixture, and it does
not typically have a uniform temperature. However, for first-order approximations, the calculation
methods presented below assume homogeneous conditions. The smoke layerincludes a transition
zone that is nonhomogeneous and separates the hot upper layer from the smoke-free air (i.e., two
zones).

2.7.2 Smoke Layer Interface Position

Figure 2-5 depicts the theoretical boundary (or interface) between a smoke layer and the smoke-
free air. In practice, the smoke layer interface is an effective boundary within a transition buffer
zone, which can be several feet thick. Below this effective boundary, the smoke density in the
transition zone decreases to zero.

2.7.3 Natural Ventilation: Smoke Filling - The Non-Steady State Yamana and Tanaks
Method

In a compartment with larger openings (windows or doors), there will be little or no buildup of
pressure attributed to the volumetric expansion of hot gases, with the exception of rapid
accumulation of mass or energy. Thus, for the first-order approximations, pressure is assumed
to remain at the ambient pressure. The opening flows are thus determined by the hydrostatic
pressure differences across the openings, and mass flows out of and into the compartment. We
also assume that the upper layer density (p,), is some average constant value at all times
throughout the smoke-filling process.

Assuming a constant average density in the upper hot gas layer has the advantage that we can
form an analytical solution of the smoke-filling rate, where the HRR does not need to be constant
(that is, it can be allowed to change with time), and we can use the conservation of mass to arrive
at the expression for the smoke-filling rate. When this is done, the height of the smoke layer as
a function of time is known, and we can use the conservation of energy to check the stipulated
value of py.

Yamana and Tanaka (1985) (also reported by Karlsson and Quintiere, 1999b) developed the
expression for the height of the smoke layer interface, z, in terms of time, as follows:

1
2k Q3 t |
z= t2 (2-10)
3 A, R
Where:
z = height (m) of the smoke layer interface above the floor

Q = heat release rate of the fire (kW)

t = time after ignition (sec)
A, = compartment floor area (m?)
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h, = compartment height (m)

And:
k = a constant given by the following equation:
1
kZO-ZI(pigY (2-11)
P, \ 1T,
Where:

p, = hot gas density kg/m?®

p, = ambient density = 1.20 kg/m?

g = acceleration of gravity = 9.81 m/sec?
¢, = specific heat of air = 1.0 kd/kg-K

T, = ambient air temperature = 298 K.

Substituting the above numerical values in Equation 2-11, we get the following expression:

L 0076 212

Pe
Where density of the hot gas (p,), layer is given by:

353
= 2-13
P, T (2-13)
Where:
T, = hot gas layer temperature (K) calculated from Equation 2-1

Calculation Procedure

(1) Derive p, from Equation 2-13.
(2) Calculate the constant k from Equation 2-12.

(3) Calculate the smoke layer height (z) at the some time (t) from Equation 2-10 given HRR.

2.8 Data Sources for Heat Release Rate

When an object burns, it releases a certain amount of energy per unit of time. For most materials,
the HRR of a fuel changes with time, in relation to its chemistry, physical form, and availability of

oxidant (air), and is ordinarily expressed as kW (kJ/sec) or Btu/sec and denoted by ¢ (1,000 kW

=1 MW or 1 BTU/sec = 1.055 kW).

Figure 2-5 illustrates the general features of typical HRR histories. HRR commonly demonstrates
an acceleratory growth stage, which may follow an induction stage of negligible growth. Objects
may or may not exhibit the period of fairly steady burning illustrated in Figure 2-5 (a); this depends
on whether fuel burnout begins after the fuel surface is fully involved. Materials that do not begin
to burn out before the fuel surface is fully involved (peak HRR) demonstrate the fairly steady
burning period exhibited in Figure 2-5 (a) until burnout begins; materials that begin to burn out
before the peak HRR is achieved are characterized by heat release curves with distinct peaks, as
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illustrated in Figure 2-5 (b). In either case, at some time following attainment of peak HRR, a decay
stage associated with fuel burnout usually occurs. This decay stage frequently gives way to a tail
stage of relatively low HRR. This tail stage, which may persist for an extended time, is normally
attributable to the glowing combustion that follows flaming combustion for char-forming products.

The total energy released by a material is equal to the area under the time-HRR curve. This area
is influenced by the energy released during the tail stage, which may contribute a considerable
portion of the total energy released, but at such a slow rate that it does not constitute the significant
hazard.

2.9 Identification of Fire Scenario

The first step in an FHA is to identify which target(s) to evaluate within an enclosure or
compartment. Normally, the target is a safety-related component that is being evaluated for a
particular scenario. However, if exposed, intervening combustibles exist between the fire source
and the safety-related component, they can become the targets for further evaluation.

Electrical cables typically serve as the primary target for most NPP analyses. The nuclear industry
has defined two general types of electrical cables, referred to as IEEE-383 qualified and
unqualified. These terms refer to cables that either pass or fail the IEEE-383 fire test standard,
respectively. A damage threshold temperature of 370 °C (700 °F) and a critical heat flux of

10 kW/m? (1 Btu/ft’-sec) have been selected for IEEE-383 qualified cable. A damage threshold
temperature of 218 °C (425 °F) and a critical heat flux of 5 kW/m? (0.5 Btu/ft’>-sec) have been
selected for IEEE-383 unqualified cable. These values are reported in several studies, including
NUREG/CR-4679, Electrical Power Research Institute (EPRI), “Fire-Induced Vulnerability
Evaluation (FIVE) Methodology,” and the U.S. Department of Transportation study reported in
“Combustibility of Electrical Wire and Cable for Rail Rapid Transient Systems,” DOT-TSC-UMAT-
83-4-1, May 1983.

The second step in an FHA is to identify the location of credible exposure fire sources relative to
the target being evaluated. Exposure fires involving transient combustibles are assumed to have
an equal probability of occurring anywhere in a space, while exposure fires involving fixed
combustibles are assumed to occur at the site of the fixed combustible. Since the hazard is greater
when a fire is located directly beneath a target, this placement is evaluated for scenarios involving
exposure fires with transient combustibles. For fixed combustibles, the actual geometry between
the source and the target is evaluated to determine whether the target is located in the fire plume
region.

Representative unit HRR values for a number of fuels present in the NPP (e.g., electrical cables,
electrical cabinets, flammable/combustible liquids, and transient combustibles) have been
measured and reported in various reports by Lee (1985), Nowlen (1986 and 1987), Chavez (1987),
and Babrauskas (1991). Flammable/combustible liquid spill fires and trash fires are the most
commonly postulated transient fuel exposure fires in NPPs. Electrical cable fires and electrical
cabinet fires are the most commonly postulated fixed fuel fires. Tables 2-4 through 2-10 show the
HRR and other data for common fixed and transient combustible materials found in NPPs.
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Table 2-4. Measured Heat Release Rate Data for Cable

Jacketing Material (Lee, 1981)

Fuel HRR per Unit Heat of
Area Combustion
o~ (KW/m?) AH, (kJ/kg)

PE/PVC 590 24,000

(Polyethylene/Polyvinylchloride)

XPE/FRXPE 475 28,300

(Crosslinked Polyethylene/Fire

Retardant Crosslinked Polyethylene)

XPE/Neoprene 300 10,300

PE, Nylon/PVC, Nylon 230 9,200

Tefzel™ - ETFE 100 3,200

(Ethylenetetrafluoroethylene)

Table 2-5. Measured Heat Release Rate Data for Electrical Cabinets
(Nowlen, 1986 and 1987)

Fuel Peak HRR*
Q (kW)

Electrical Cabinet Filled with IEEE-383 Qualified Cables 55

(Vertical doors open)

Electrical Cabinet Filled with IEEE-383 Qualified Cables No data

(Vertical doors closed)

Electrical Cabinet Filled with IEEE-383 Unqualified Cables 1,000

(Vertical doors open)

Electrical Cabinet Filled with IEEE-383 Unqualified Cables 185

(Vertical doors closed, vent grills only)

*Note: HRR contributions in the electrical cabinet are based solely on the cable
insulation material, and neglect the energy release based on the current

(amperes squared multiplied by time.)
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Table 2-6. Measured Heat Release Rate Data for Transient Combustible Materials
(Flammable/Combustible Liquids)

Fuel HRR per Unit Area
o (KW/m?)

Diesel oil 1,985

Gasoline 3,290

Kerosene 2,200

Transformer oil 1,795

Lube oil lubrication
(used in Reactor Coolant Pump (RCP) motors
and turbine)

For lubricating oil, use HRR of
transformer oil. Lubricating oil
has burning characteristics
similar to transformer oil.

Table 2-7. Measured Heat Release Rate Data for Transient Combustible Materials
(Trash) (Lee, 1985)

Fuel Peak HRR
o (kW)

9.1 kg computer paper crumpled up in two plastic trash bags 110

11.4 kg rags, 7.7 paper towels. 5.9 kg plastic gloves and taps, 120

and 5.9 kg methyl alcohol, mixed in two 50-gallon trash bags

13.6 kg computer paper crumpled up and divided in two 7.5 kg 110

(50 gallon) plastic trash cans

4.6 kg crumpled up computer paper and 31.8 kg folded 40

computer paper, evenly divided into two bags
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Table 2-8. Measured Heat Release Data for Transient Combustible Materials

(Plywood and Wood Pallet)

(Karlsson and Quintiere, 1999a) (Waiting for Copyright Permission)

Table 2-9. Ignition Thresholds (Pilotless within 30 seconds)
(Navel Ship’s Technical Manual, S9086-S3-STM-010/CH-555, 1993)

Material Hot Air (Oven Effect) | Hot Metal Contact Radiant Heat Flux
°C (°F) (Frying Pan Effect) | (kW/m?)
(kW/m?)
Paper 230 (450) 250 (480) 20
Cloth 250 (480) 300 (570) 35
Wood 300 (570) 350 (660) 40
Cables 375 (700) 450 (840) 60
Table 2-10. Thermal Effects on Electronics
(Navel Ship’s Technical Manual, S9086-S3-STM-010/CH-555, 1993)
Temperature Effects
OC (QF)
50 (120) Computer develop faults
150 (300) Permanent computer damage
250 (480) Data transmission cable fail
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2.10 Assumptions and Limitations

The methods discussed in this chapter have several assumptions and limitations.
The following assumptions and limitations apply to all forced and natural convection situations:

(1)

(@)
(3)

(4)

()

(9)

These methods best apply to conventional-size compartments. They should be used with
caution for large compartments.

These methods apply to both transient and steady-state fire growth.

The HRR must be known; it does not need to be constant, and can be allowed to change
with time.

Compartment geometry assumes that a given space can be analyzed as a rectangular
space with no beam pockets. This assumption affects the smoke filling rate within a space
if the space has beam pockets. For irregularly shaped compartments, equivalent
compartment dimensions (length, width, and height) must be calculated and should yield
slightly higher layer temperatures than would actually be expected from a fire in the given
compartment.

These methods predict average temperatures and do not apply to cases in which
predication of local temperature is desired. For example, this method should not be used
to predict detector or sprinkler actuation or the material temperatures resulting from direct
flame impingement.

Caution should be exercised when the compartment overhead are highly congested with
obstructions such as cable trays, conduits, ducts, etc.

A single heat transfer coefficient may be used for the entire inner surface of the
compartment.

The heat flow to and through the compartment boundaries is unidimensional ( i.e., corners
and edges are ignored, and the boundaries are assumed to be infinite slabs).

These methods assume that heat loss occurs as a result of mass flowing out through
openings. Consequently, these methods do not apply to situations in which significant time
passes before hot gases begin leaving the compartment through openings. This may occur
in large enclosures (e.g., turbine building), where it may take considerable time for the
smoke layer to reach the height of the opening.

The following assumptions and limitations apply only to natural convection situations:

(10)

The correlations hold for compartment upper layer gas temperatures up to approximately
600 °C (1,112 °F) only for naturally ventilated spaces in which a quasi-steady balance
develops between the rates of mass inflow and outflow from the hot gas layer.
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(11)  These correlations assume that the fire is located in the center of the compartment or away
from the walls. If the fire is flush with a wall or in a corner of the compartment, the MQH
correlation is not valid with coefficient 6.85.

(12) The smoke layer height correlation assumes an average constant value of upper layer
density throughout the smoke-filling process.

(13)  Atthe EPRI Fire Modeling Workshop, August 26, 2002 in Seattle, Washington, Mark Salley
asked Professor James G. Quintiere (one of the authors of the MQH method) what limits

apply to compartment size when using the MQH equation. Professor Quintiere replied that
the correlation will work for any size compartment since it is a dimensionless equation.

Professor Quintiere also stated that Q should be limited by the following expressions:

m,AH_ < 3000£ or 05A h, < 3000E
kg kg

Where:
m, =Mmass loss rate of fuel (kg/sec)

AH, = heat of combustion (kJ/kg)
A, = area of ventilation opening (m?)
h, = Height of ventilation opening (m)
The following assumptions and limitations apply only to forced convection situations:

(14)  These correlations assume that the test compartment is open to the outside at the inlet, and
its pressure is fixed near 1 atmosphere.

(15)  These correlations do not explicitly account for evaluation of the fire source.

(16)  These correlations assume that the fire is located in the center of the compartment or away
from the walls. If the fire is flush with a wall or in a corner of the compartment, the FPA
correlation is not valid with coefficient 0.63.

211 Required Input for Spreadsheet Calculations

The user must obtain the following values before attempting a calculation using the natural or
forced ventilation spreadsheets:

(1) Compartment width (ft)
(2) Compartment length (ft)
(3) Compartment height (ft)
(4) Interior lining material thickness (in)

(6) Fire heat release rate, HRR (kW)
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The user must obtain the following values before attempting a calculation using the natural
ventilation spreadsheets:

(7) Vent width (ft)
(8) Vent height (ft)
9) Top of vent from floor (ft)

The user must obtain the following values before attempting a calculation using the forced
ventilation spreadsheets:

(10)  Forced ventilation rate (cfm)
212 Cautions

(1) Use (Temperature_NV.xls, Temperature_Closed_Compartment.xls, Temperature_FV1.xls,
and Temperature_FV2.xls) spreadsheet in the CD ROM for calculation.

(2) Make sure you are in the correct page of the spreadsheet (thick or thin lining material).
(3) Make sure to input values using correct units.

(4) Thermally thin spreadsheets are not time-dependent; they report a worst-case scenario.
213 Summary

Determination of hot gas layer temperatures and smoke layer height associated with compartment
fires provides a means of assessing an important aspect of fire hazard, namely the likelihood of
hazardous conditions when structural elements are in danger of collapsing, and the thermal
feedback to fuel sources or other objects.

When doors and/or windows provide the air for the fire, natural ventilation occurs, and the MQH
correlation applies to the prediction of hot gas temperature. The correlation is relatively
straightforward, and it yields reasonable results when applied to most situations. Specifically, the

correlation gives the temperature increase of the hot gas layer as a function of three primary
variables:

(1) fire size (o , HRR)

(2) energy losses to the walls (h,, A7)

(3) energy loss through vents (AV\/ h,)

Forced ventilation can have a significant effect on fire growth, the temperature profile in the
compartment, the spread of toxic fire gases, and the descent of the hot gas layer in a multi-room

building. The magnitude of this effect, of course, depends on the HRR of the combustibles and
the amount and configuration of the forced ventilation. Depending on the arrangement of the
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supply and exhaust vents, forced ventilation affects the compartment’s thermal environment and
sensitive equipment, as it relates to the descent of the hot gas layer. For situations involving forced
ventilation, the FPA correlation is applied to the prediction of hot gas temperature. Specifically the
FPA correlation gives the temperature increase of the hot gas layer as a function of three primary
variables:

(1) fire size (o , HRR)

(2) energy losses to the walls (h,, A7)

(3) energy loss through vents (m.c,T,)

The depth (or height) of the growing smoke layer increases with time, but it does not change once
the smoke layer has reached equilibrium. Unsteady fires do not have a plateau or upper limit for
the rate of heat release. In addition, unsteady fires may have a less rapid buildup of pressure.

One approach is to relate the interface of a growing smoke layer for an unsteady fire to a t? fire
profile.
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2.15 Problems
2.15.1 Natural Ventilation
Example Problem 2.15.1-1

Problem Statement

Consider a compartment that is 15 ft wide x 15 ft long x 10 ft high (w, x I, X h.), with a simple vent
that is 4 ft wide x 6 ft high (w, x h,). The fire is constant with an HRR of 500 kW. Compute the
hot gas layer temperature in the compartment and smoke layer height at 2 minutes assuming that
the compartment interior boundary material is (a) 1 ft thick concrete and (b) 1.0 inch thick gypsum
board. Assume that the top of the vent is 6 ft.

Q=500kW .

A

Example Problem 2-1: Compartment with Natural Ventilation

Solution

Purpose:
For two different interior boundary materials determine following:
(1) The hot gas layer temperature in the compartment (T,) at t = 2 min after ignition
(2) The smoke layer height (z) at t = 2 min after ignition

Assumptions:
(1) Air properties (ambient) at 77 °F (25 °C)
(2) Simple rectangular geometry (no beam pockets)
(3) One-dimensional heat flow through the compartment boundaries
(4) Constant heat release rate (HRR).
(5) The fire is located at the center of the compartment or away from the walls

Spreadsheet (FDT®) Information:

Use the following FDT*:
(a) For concrete: Temperature_NV.xls (click on Temperature_ NV Thermally Thick)
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(b) For gypsum board: Temperature_NV.xls (click on Temperature_ NV Thermally Thin)
Note: Since concrete thickness is greater than one inch, it is necessary to use the
correlations for thermally thick material. However, since the gypsum board thickness
is equal to 1 inch, it is necessary to use correlations for thermally thin material.
FDT® Input Parameters: (for both spreadsheets)
- Compartment Width (w,) = 15 ft
- Compartment Length (1) = 15 ft
- Compartment Height (h,) = 10 ft
- Vent Width (w,) = 4 ft
- Vent Height (h,) = 6 ft
- Top of Vent from Floor (V;) = 6 ft
- Interior Lining Thickness () = 12 in.(concrete) and 1 in. (gypsum board)
- Material: Select Concrete and Gypsum Board on the respective FDT®

- Fire Heat Release Rate (Q) =500 kW
- Time after ignition (t) = 2 min (for sheet Temperature_ NV Thermally Thin only)

Results*
Interior Boundary | Hot Gas Layer Temperature (T,) | Smoke Layer Height (z)
Material °C (°F) z m (ft)
(Method of MQH) (Method of Yamana and Tanaka)
Concrete 147 (296) 0.40 (1.31)
(smoke exiting vent, z < V)
Gypsum Board 372 (702) 0.10 (0.32)
(compartment filled with smoke

*see spreadsheet on next page att =2 min
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Spreadsheet Calculations

Boundary Material: Concrete

CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
AND SMOKE LAYER HEIGHT IN ROOM FIRE WITH NATURAL VENTILATION
COMPARTMENT WITH THERMALLY THICK BOUNDARIES

The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS

COMPARTMENT INFORMATION

Compartment Width (w.) 15.00|ft 4.572'm
Compartment Length (l;) 15.00]t 4572 m
Compartment Height (h) 10.00|t 3.048 m
Vent Width (w,) 4.00|t 1219 m
Vent Height (h,) 6.00|t 1.829 m
Top of Vent from Floor (V1) 6.00|t 1.829 m
Interior Lining Thickness () 12.00[in 0.3048 m
For thermally thick case the interior lining thickness should be greater than 1 inch.

AMBIENT CONDITIONS
Ambient Air Temperature (T,) °F 25.00 °C

298.00 K

Specific Heat of Air (c;) 1.00]|kJ/kg-K
Ambient air Density (p,) 1.20|kg/m>

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFAGES FOR
Interior Lining Thermal Inertia (kpc) 2.9|(kw/m*-Ky*-sec
Interior Lining Thermal Conductivity (k) 0.0016|kw/m-K
Interior Lining Specific Heat (c) 0.75]|kJ/kg-K
Interior Lining Density (p) 2400]kg/m®

INTERIOR LINING EXPERIMENTAL THERMAL PROPERTIES FOR COMMON MATERIALS

Material kpc
(KW/mZ-K)*-sec
Aluminum (pure) 500
Steel (0.5% Carbon) 197
Concrete 2.9
Brick 1.7
Glass, Plate 1.6
Brick/Concrete Block 1.2
Gypsum Board 0.18
Plywood 0.16
Fiber Insulation Board 0.16
Chipboard 0.15
Aerated Concrete 0.12
Plasterboard 0.12
Calcium Silicate Board 0.098
Alumina Silicate Block 0.036
Glass Fiber Insulation 0.0018
Expanded Polystyrene 0.001

k
(KW/m-K)
0.206
0.054
0.0016
0.0008
0.00076
0.00073
0.00017
0.00012
0.00053
0.00015
0.00026
0.00016
0.00013
0.00014
0.000037
0.000034

[+

(kJ/kg-K)
0.895
0.465
0.75
0.8
0.8
0.84
1.1
2.5
1.25
1.25
0.96
0.84
1.12
1
0.8
1.5

o |
(kgm®) | Concrete

2710 Scroll to desired material then
7850 Click the selection
2400
2600
2710
1900
960
540
240
800
500
950
700
260
60
20

Reference: Klote, J., J. Milke, Principles of Smoke Management, 2002, Page 270.

FIRE SPECIFICATIONS
Fire Heat Release Rate (Q)

-
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METHOD OF McCAFFREY, QUINTIERE, AND HARKLEROAD (MQH)

Reference: SFPE Handbook of Fire Protection Engineering , 2™ Edition, Page 3-139.
2 12 1/3
AT, = 6.85[Q°/(A/(h,)"?) (Arhy)]

Where ATy = T4 - To=upper layer gas temperature rise above ambient (K)
Q = heat release rate of the fire (kW)
A, = area of ventilation opening (m2)
h, = height of ventilation opening (m)
hy = convective heat transfer coefficient (kW/mZ-K)
Ar = total area of the compartment enclosing surface boundaries excluding area of vent openings (m2)

Area of Ventilation Opening Calculation

A, = (wy) (hy)

A, = 223 m’

Thermal Penetration Time Calculation Thermally Thick Material
tp = (pCy/k)(8/2)°

Where p = interior construction density (kg/m3)

Cp = interior construction heat capacity (kJ/Kg-K)

k = interior construction thermal conductivity (kW/m-K)
8 = interior construction thickness (m)

t, = 26128.98 sec

Heat Transfer Coefficient Calculation

he = v(kpclt) fort<t,

Where kpc = interior construction thermal inertia (kW/mZ-K)z-sec

(a thermal property of material responsible for the rate of temperature rise)
t = time after ignition (sec)

Area of Compartment Enclosing Surface Boundaries
Ar= [2(wexle) + 2(hexwe) +2(hexIc)] - Ay
Ar= 95.32 m’

Compartment Hot Gas Layer Temperature With Natural Ventilation
AT, = 6.85[Q°/(A(h,)"?) (Ash)] "

AT = Te-Ta
Te= AT+ T,
RESULTS
Time after Ignition (t) hy AT, Tq Ty Tq
(min) () (kw/m™K) (K) K (o) ()
0 0.00 - - 298.00 25.00 77.00
1 60 0.22 108.34 406.34 133.34 272.02
2 120 0.16 121.61 419.61 146.61 295.90
3 180 0.13 130.11 428.11 155.11 311.20
4 240 0.11 136.50 434.50 161.50 322.70
5 300 0.10 141.67 439.67 166.67 332.01
10 600 0.07 159.02 457.02 184.02 363.24
15 900 0.06 170.14 468.14 195.14 383.26
20 1200 0.05 178.50 476.50 203.50 398.30
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Hot Gas Temperature
Natural Ventilation

500
400
300
200
100

O T T Y B

2 4 6 8 10 12 14 16 18 20

Time (min)

AM -

)

&
TT 1O

Temperature (°F)

o

ESTIMATING SMOKE LAYER HEIGHT
METHOD OF YAMANA AND TANAKA

z = ((2kQ"*Y3A) + (1/h 222
Where z = smoke layer height (m)
Q = heat release rate of the fire (kW)
t = time after ignition (sec)
hs = compartment height (m)
A, = compartment floor area (mz)
k = a constant given by k = 0.076/pq
pg = hot gas layer density (kg/m3)
pg is given by pg = 353/T,
T, = hot gas layer temperature (K)

Compartment Area Calculation
A= (Wc) (Ic) :
A= 20.90 m*

Hot Gas Layer Density Calculation
pg= 353/T,

Calculation for Constant K
k= 0.076/pg

Smoke Gas Layer Height With Natural Ventilation
z= ((2kQ"™3A) + (1/h )2
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RESULTS

Time Pg k z z

(min) kg/m” (m) (ft)
0 1.20 0.063 3.05 10.00
1 0.87 0.087 0.41 1.35
2 0.84 0.090 0.40 1.31
3 0.82 0.092 0.39 1.28
4 0.81 0.094 0.38 1.26
5 0.80 0.095 0.38 1.24
10 0.77 0.098 0.36 1.19
15 0.75 0.101 0.35 115
20 0.74 0.103 0.34 1.13

Smoke Gas Layer Height

Natural Ventilation

12.00
10.00
8.00
6.00
4.00
2.00 R R R
0.00 ARSI
0 2 4 6 8 10 12 14 16 18 20

Time (min)

Height from Floor (ft)

NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire

Protection Engineering, 2nd Edition, 1995.

Calculations are based on certain assumptions and have inherent limitations. The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.

NRR -

Dffice of Nuclear Reactor Regulation
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Boundary Material: Gypsum Board

CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
AND SMOKE LAYER HEIGHT IN ROOM FIRE WITH NATURAL VENTILATION
COMPARTMENT WITH THERMALLY THIN BOUNDARIES

The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS

"COMPARTMENT INFORMATION
Compartment Width (w)
Compartment Length (l;)
Compartment Height (h;)

Vent Width (w,)
Vent Height (h,)
Top of Vent from Floor (V7)
Interior Lining Thickness ()

For thermally thin case the interior lining thickness should be less than or equal to 1 inch.

AMBIENT CONDITIONS
Ambient Air Temperature (T,)

Specific Heat of Air (c;)
Ambient air Density (pa)

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES

Interior Lining Thermal Inertia (kpc)
Interior Lining Thermal Conductivity (k)
Interior Lining Specific Heat (c)

Interior Lining Density (p)

15.00|ft 4572 m
15.00|ft 4572 m
10.00|ft 3.048 m
4.00|1t 1.219 m
6.00|ft 1.829 m
6.00]ft 1.829 m
1.00]in 0.0254 m
77.00[°F 25.00 °C
298.00 K
1.00[kJ/kg-K
1.20|kg/m?
0.18](kW/m2-K)*sec
0.00017 [kw/m-K
1.1]kJ/kg-K
960]|kg/m*®

INTERIOR LINING EXPERIMENTAL THERMAL PROPERTIES FOR COMMON MATERIALS

Material kpc k
(kW/m*K)*-sec  (kW/m-K)

Aluminum (pure) 500 0.206
Steel (0.5% Carbon) 197 0.054
Concrete 2.9 0.0016
Brick 1.7 0.0008
Glass, Plate 1.6 0.00076
Brick/Concrete Block 1.2 0.00073
Gypsum Board 0.18 0.00017
Plywood 0.16 0.00012
Fiber Insulation Board 0.16 0.00053
Chipboard 0.15 0.00015
Aerated Concrete 0.12 0.00026
Plasterboard 0.12 0.00016
Calcium Silicate Board 0.098 0.00013
Alumina Silicate Block 0.036 0.00014
Glass Fiber Insulation 0.0018  0.000037
Expanded Polystyrene 0.001  0.000034

Cc
(kJ/kg-K)

0.895
0.465
0.75
0.8
0.8
0.84
1.1
2.5
1.25
1.25
0.96
0.84
1.12
1
0.8
1.5

o Select Material
(kg/m®) I Gypsum Board =
2710 Scroll to desired material then
7850 Click on selection
2400
2600
2710
1900
960
540
240
800
500
950
700
260
60
20

Reference: Klote, J., J. Milke, Principles of Smoke Management, 2002, Page 270.

2-37



FIRE SPECIFICATIONS

Fire Heat Release Rate (Q) 500.00|kw
Time after ignition (t 2.00 min. 120 sec

METHOD OF McCAFFREY, QUINTIERE, AND HARKLEROAD (MQH)

Reference: SFPE Handbook of Fire Protection Engineering , 2n Edition, 1995, Page 3-139.
— 2 12 113
ATg = 6.85[Q7/(A(hy) ) (Athi)]

Where ATy = T4 - To=upper layer gas temperature rise above ambient (K)
Q = heat release rate of the fire (kW)
A, = area of ventilation opening (m2)
h, = height of ventilation opening (m)
hy = convective heat transfer coefficient (kW/mZ-K)
At = total area of the compartment enclosing surface boundaries excluding area of vent openings (m2)

Area of Ventilation Opening Calculation

A= (wy) (hy) ]

A, = 2.23 m*

Thermal Penetration Time Calculation Thermally Thin Material
t, = (peo/k)(3/2)°

Where p = interior construction density (kg/m3)

Cp = interior construction heat capacity (kJ/Kg-K)

k = interior construction thermal conductivity (kW/m-K)
& = interior construction thickness (m)

t = 1001.90 sec

Heat Transfer Coefficient Calculation

hy = k/3 fort>t,

Where k = interior construction thermal conductivity (kW/m-K)
8 = interior construction thickness (m)

h = 0.00669 kW/m*-K

Area of Compartment Enclosing Surface Boundaries
Ar= [2(wexle) + 2(hexwe) +2(hexic)] - Ay
Ar= 95.32 m?

Compartment Hot Gas Layer Temperature With Natural Ventilation
AT, = 6.85[Q7(Au(h.)"?) (Ashi)] ™

ATy = 346.98 K

ATy = Tg-Ty

Ty= ATg+T,

Tg= 644.98 K

Tg= 371.98 °C 701.56 °F ANSWER
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ESTIMATING SMOKE LAYER HEIGHT
METHOD OF YAMANA AND TANAKA

z = ((2kQ"t/3A,) + (1/h 2%y
Where z = smoke layer height (m)
Q = heat release rate of the fire (kW)
t = time after ignition (sec)
he = compartment height (m)
A; = compartment floor area (m2)
k = a constant given by k = 0.076/pq4
pg = hot gas layer density (kg/m3)
pg is given by pg = 353/Ty
T4 = hot gas layer temperature (K)

Compartment Area Calculation
A= (Wc) (Ic) )
A, = 20.90 m*

Hot Gas Layer Density Calculation
Pg= 353/Tq
Pg= 0.55 kg/m’

Calculation for Constant K

k= 0.076/p,

k= 0.14

Smoke Gas Layer Height With Natural Ventilation

z= ((2kQ"™Y3A,) + (1022 %2 STOP - IF Z = VT, SMOKE EXITING VENT
z= 0.10 m 0.32 ft ANSWER

If # REF! is given as the smoke layer height then the smoke has completely filled the room

NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire

Protection Engineering, 2nd Edition, 1995.

Calculations are based on certain assumptions and have inherent limitations. The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.

NRR:-

Office of Nuclear Reactor Regulation
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Example Problem 2.15.1-2

Problem Statement

Consider a compartment that is 12 ft wide x 10 ft long x 8 ft high (w, x I, x h,) with a simple vent 3
ft wide x 4 ft high (w, x h,). The construction is essentially 0.5 ft thick gypsum board. The fire is
constant with an HRR of 300 kW. Assume that the top of the vent is 4 ft. Compute the hot gas
temperature in the compartment, as well as the smoke layer height at 2 minutes.

=8ft

Q=300 kW .

Example Problem 2-2: Compartment with Natural Ventilation

Solution
Purpose:
(1) The hot gas layer temperature in the compartment (T,) at t = 2 min after ignition
(2) The smoke layer height (z) at t = 2 min after ignition
Assumptions:
(1) Air properties (ambient) at 77 °F (25 °C)
(2) Simple rectangular geometry (no beam pockets)
(3) One-dimensional heat flow through the compartment boundaries
(4) Constant Heat Release Rate (HRR)
(5) The fire is located at the center of the compartment or away from the walls
Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) Temperature_NV.xlIs (click on Temperature_ NV Thermally Thick)
Note: Since the gypsum board is greater than 1 inch, it is necessary to use the
correlations for thermally thick material.
FDT® Input Parameters:
- Compartment Width (w,) = 12 ft
- Compartment Length (1) = 10 ft
- Compartment Height (h,) = 8 ft
- Vent Width (w,) = 3 ft
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- Vent Height (h,) = 4 ft

- Top of Vent from Floor (V;) = 4 ft

- Interior Lining Thickness (3) = 6 in

- Material: Select Gypsum Board on the FDT®
- Fire Heat Release Rate () = 300 kW

Results*

Hot Gas Layer Temperature (T,) Smoke Layer Height (z)

°C (°F) m (ft)
(Method of MQH) (Method of Yamana and Tanaka)
249 (480) 0.18 (0.56)

(smoke exiting vent, z < V)

*see attached spreadsheet on next page at t = 2 min
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Spreadsheet Calculations

CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
AND SMOKE LAYER HEIGHT IN ROOM FIRE WITH NATURAL VENTILATION
COMPARTMENT WITH THERMALLY THICK BOUNDARIES

The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (w.) 12.00|t 3.6576 m
Compartment Length (l;) 10.00]t 3.048 m
Compartment Height (h) 8.00|ft 2.4384 m
Vent Width (w,) 3.00}t 0.914 m
Vent Height (h,) 4.00|t 1.219 m
Top of Vent from Floor (V1) 4.00(tt 1.219 m
Interior Lining Thickness (3) 6.00]in 0.1524 m

For thermally thick case the interior lining thickness should be greater than 1 inch.
AMBIENT CONDITIONS

Ambient Air Temperature (T,) °F 25.00 °C
298.00 K
Specific Heat of Air (c;) 1.00[kJ/kg-K
Ambient air Density (pa) 1.20|kg/m’
THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES FOR
Interior Lining Thermal Inertia (kpc) 0.18|(kW/m*K)*-sec
Interior Lining Thermal Conductivity (k) 0.00017 [kwW/m-K
Interior Lining Specific Heat (c) 1.1|kJ/kg-K
Interior Lining Density (p) 960 |kg/m®

INTERIOR LINING EXPERIMENTAL THERMAL PROPERTIES FOR COMMON MATERIALS
Material kpc k c P rial
(kW/m*Ky’-sec  (kW/m-K)  (kd/kg-K) (kg/m®) | Gypsum Board =1

Aluminum (pure) 500 0.206 0.895 2710 Scroll to desired material then
Steel (0.5% Carbon) 197 0.054 0.465 7850 Click the selection
Concrete 2.9 0.0016 0.75 2400

Brick 1.7 0.0008 0.8 2600

Glass, Plate 1.6 0.00076 0.8 2710

Brick/Concrete Block 1.2 0.00073 0.84 1900

Gypsum Board 0.18 0.00017 1.1 960

Plywood 0.16  0.00012 2.5 540

Fiber Insulation Board 0.16  0.00053 1.25 240

Chipboard 0.15 0.00015 1.25 800

Aerated Concrete 0.12 0.00026 0.96 500

Plasterboard 0.12 0.00016 0.84 950

Calcium Silicate Board 0.098 0.00013 1.12 700

Alumina Silicate Block 0.036 0.00014 1 260

Glass Fiber Insulation 0.0018 0.000037 0.8 60

Expanded Polystyrene 0.001 0.000034 1.5 20

Reference: Klote, J., J. Milke, Principles of Smoke Management, 2002, Page 270.
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FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) 300.00|kw

METHOD OF McCAFFREY, QUINTIERE, AND HARKLEROAD (MQH)

Reference: SFPE Handbook of Fire Protection Engineering , 2™ Edition, Page 3-139.
_ 2 12 1/3
ATq = 6.85[Q7/(Av(hy) ) (Athy)]

Where ATy =Tg4 - Ta=upper layer gas temperature rise above ambient (K)
Q = heat release rate of the fire (kW)
A, = area of ventilation opening (m2)
h, = height of ventilation opening (m)
hy = convective heat transfer coefficient (kW/m2-K)
Ar = total area of the compartment enclosing surface boundaries excluding area of vent openings (mz)

Area of Ventilation Opening Calculation

A = (wy)(hy)

A = 111 m*

Thermal Penetration Time Calculation Thermally Thick Material
tp = (pCy/k)(8/2)°

Where p = interior construction density (kg/m3)

Cp = interior construction heat capacity (kJ/Kg-K)

k = interior construction thermal conductivity (kW/m-K)
8 = interior construction thickness (m)

t, = 36068.239 sec

Heat Transfer Coefficient Calculation

hy = v(kpclt) fort<t,

Where kpc = interior construction thermal inertia (kW/mz-K)z-sec

(a thermal property of material responsible for the rate of temperature rise)
t = time after ignition (sec)

Area of Compartment Enclosing Surface Boundaries
Ar= [2(wexle) + 2(hexwe) +2(hexIc)] - A
Ar= 53.88 m’

Compartment Hot Gas Layer Temperature With Natural Ventilation
AT, = 6.85[Q7(A(h,)"?) (Ath)]"®

AT = Te-Ta
Te= AT+ T,
RESULTS
Time after Ignition (t) hy AT, Tq Ty Tq
(min) ) (kW/m*K) (K) K (o) Lh)
0 0.00 - - 298.00 25.00 77.00
1 60 0.05 199.69 497.69 224.69 436.44
2 120 0.04 224.14 522.14 249.14 480.45
3 180 0.03 239.81 537.81 264.81 508.66
4 240 0.03 251.59 549.59 276.59 529.86
5 300 0.02 261.12 559.12 286.12 547.02
10 600 0.02 293.10 591.10 318.10 604.58
15 900 0.01 313.59 611.59 338.59 641.46
20 1200 0.01 328.99 626.99 353.99 669.19

2-44



Hot Gas Temperature

Natural Ventilation

o
& 800 ¢
2 600 . —
2 -
= 400 | /’M
‘q-, o
§ O‘*H\\\H\m\\Hm\\\m\H\HH\HH\HH\HH\HH
0 2 4 6 8 10 12 14 16 18 20
Time (min)
ESTIMATING SMOKE LAYER HEIGHT
METHOD OF YAMANA AND TANAKA
z = ((2kQ"™t3A,) + (1/h 22 %2
Where z = smoke layer height (m)
Q = heat release rate of the fire (kW)
t = time after ignition (sec)
h, = compartment height (m)
A, = compartment floor area (mz)
k = a constant given by k = 0.076/pg4
pg = hot gas layer density (kg/m3)
pg is given by pg = 353/T
T4 = hot gas layer temperature (K)
Compartment Area Calculation
A= (W) (Ic)
A.= 11.15 m’
Hot Gas Layer Density Calculation
Pg= 353/T,
Calculation for Constant K
k= 0.076/pg
Smoke Gas Layer Height With Natural Ventilation
z= ((2kQ"™Y3A,) + (1/h2%)>?
RESULTS
Time Pg k z z
(min) kg/m (m) (ft)
0 1.20 0.063 2.44 8.00
1 0.71 0.107 0.18 0.59
2 0.68 0.112 0.17 0.56
3 0.66 0.116 0.16 0.54
4 0.64 0.118 0.16 0.52
5 0.63 0.120 0.16 0.51
10 0.60 0.127 0.15 0.48
15 0.58 0.132 0.14 0.46
20 0.56 0.135 0.14 0.44
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Smoke Gas Layer Height

Natural Ventilation

& & &
TR T 4 < T B

Height from Floor (ft)

6 8 1012 14 1618 2

Time (min)

NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire

Protection Engineering, 2nd Edition, 1995.

Calculations are based on certain assumptions and have inherent limitations. The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.

NRR: -

Dffice of Nuclear Reactor Regulation
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Example Problem 2.15.1-3

Problem Statement

Consider a compartment that is 8 ft wide x 8 ft long x 6 ft high (w, x I, x h;) with a simple vent that
is 2 ft wide x 3 ft high (w, x h,). The construction is essentially 0.75 ft thick concrete. The fire is
constant with an HRR of 1,000 kW. Assume that the top of the vent is 3 ft. Compute the hot gas
temperature in the compartment, as well as the smoke layer height at 3 minutes.

—_ WC=8ft4"

he=6ft

- ~
l @ = 1000 kW N

Example Problem 2-3: compartment with Natural Ventilation

Solution
Purpose:
(1) Determine the hot gas layer temperature in the compartment (T,) at t = 3 min after
ignition
(2) Determine the smoke layer height (z) at t = 3 min after ignition
Assumptions:

(1) Air properties (ambient) at 77 °F (25 °C)

(2) Simple rectangular geometry (no beam pockets)

(3) One-dimensional heat flow through the compartment boundaries

(4) Constant Heat Release Rate (HRR)

(5) The fire is located at the center of the compartment or away from the walls

Spreadsheet (FDT®) Information:

Use the following FDT*:
(a) Temperature_NV.xlIs (click on Temperature_ NV Thermally Thick)
Note: Since concrete thickness is greater than 1 inch, it is necessary to use the
correlations for thermally thick material.

FDT® Input Parameters:
- Compartment Width (w,) = 8 ft
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- Compartment Length (I.) = 8 ft

- Compartment Height (h,) = 6 ft

- Vent Width (w,) = 2 ft

- Vent Height (h,) = 3 ft

- Top of Vent from Floor (V;) = 3 ft

- Interior Lining Thickness () = 9 in

- Material: Select Concrete on the FDT®
- Fire Heat Release Rate (Q) =1,000 kW

Results*:
Hot Gas Layer Temperature (T,) Smoke Layer Height (z)
°C (°F) m (ft)
(Method of MQH) (Method of Yamana and Tanaka)
571 (1,060) 0.02 (0.07)
compartment filled with smoke)

*see spreadsheet on next page at t = 3 min
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Spreadsheet Calculations

CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
AND SMOKE LAYER HEIGHT IN ROOM FIRE WITH NATURAL VENTILATION
COMPARTMENT WITH THERMALLY THICK BOUNDARIES

The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS

'COMPARTMENT INFORMATION
Compartment Width (w)
Compartment Length (l;)
Compartment Height (h;)

Vent Width (w,)
Vent Height (h,)
Top of Vent from Floor (V1)
Interior Lining Thickness ()

8.00|t 24384 m
8.00|t 2.4384 m
6.00|1t 1.8288 m
2.00|t 0.610 m
3.00|t 0914 m
3.00|t 0.914 m
9.00]in 0.2286 m

For thermally thick case the interior lining thickness should be greater than 1 inch.

AMBIENT CONDITIONS
Ambient Air Temperature (T,)

Specific Heat of Air (cp)
Ambient air Density (pa)

°F 25.00 °C
298.00 K
1.00]kJkgK
1.20|kg/m”

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES FOR

Interior Lining Thermal Inertia (kpc)
Interior Lining Thermal Conductivity (k)
Interior Lining Specific Heat (c)

Interior Lining Density (p)

2.9

(KW/m?-K)*sec

0.0016

kW/m-K

0.75

kJ/kg-K

2400

kg/m®

INTERIOR LINING EXPERIMENTAL THERMAL PROPERTIES FOR COMMON MATERIALS

Material kpc
(kW/mZ-K)*-sec
Aluminum (pure) 500
Steel (0.5% Carbon) 197
Concrete 2.9
Brick 1.7
Glass, Plate 1.6
Brick/Concrete Block 1.2
Gypsum Board 0.18
Plywood 0.16
Fiber Insulation Board 0.16
Chipboard 0.15
Aerated Concrete 0.12
Plasterboard 0.12
Calcium Silicate Board 0.098
Alumina Silicate Block 0.036
Glass Fiber Insulation 0.0018
Expanded Polystyrene 0.001

k
(KW/m-K)
0.206
0.054
0.0016
0.0008
0.00076
0.00073
0.00017
0.00012
0.00053
0.00015
0.00026
0.00016
0.00013
0.00014
0.000037
0.000034

[+

(kJ/kg-K)
0.895
0.465
0.75
0.8
0.8
0.84
1.1
2.5
1.25
1.25
0.96
0.84
1.12
1
0.8
1.5

o |
(kg/m®) Concrete

2710 Scroll to desired material then
7850 Click the selection
2400
2600
2710
1900
960
540
240
800
500
950
700
260
60
20

Reference: Klote, J., J. Milke, Principles of Smoke Management, 2002, Page 270.
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FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) 1000.00]kw

METHOD OF McCAFFREY, QUINTIERE, AND HARKLEROAD (MQH)

Reference: SFPE Handbook of Fire Protection Engineering , 2" Edition, Page 3-139.

AT, = 6.85[Q%/(A(h)"?) (Ahi)] "

Where AT4 =Tg - To=upper layer gas temperature rise above ambient (K)
Q = heat release rate of the fire (kW)
A, = area of ventilation opening (m2)
h, = height of ventilation opening (m)
hg = convective heat transfer coefficient (kW/m2-K)
A7 = total area of the compartment enclosing surface boundaries excluding area of vent openings (mz)

Area of Ventilation Opening Calculation

A, = (wy)(hy) )

A, = 0.56 m”

Thermal Penetration Time Calculation Thermally Thick Material
t, = (peo/k)(5/2)°

Where p = interior construction density (kg/ma)

Cp = interior construction heat capacity (kJ/Kg-K)
k = interior construction thermal conductivity (kW/m-K)
8 = interior construction thickness (m)

to = 14697.551 sec

Heat Transfer Coefficient Calculation

he = v(kpclt) fort<t,

Where kpc = interior construction thermal inertia (kW/mz-K)z-sec

(a thermal property of material responsible for the rate of temperature rise)
t = time after ignition (sec)

Area of Compartment Enclosing Surface Boundaries
AT = [Z(WCXIC) + Z(hcch) + 2(hCXIC)] - Av
Ar= 29.17 m”

Compartment Hot Gas Layer Temperature With Natural Ventilation
AT, = 6.85[Q°/(A,(h)"?) (Ashi)] "

ATg= Ty-Ta
Ty = ATg+ T,
RESULTS
Time after Ignition (t) hy AT, T, T, T,
(min) (s) (kW/m~K) K) (K) o) A

0 0.00 - - 298.00 25.00 77.00
1 60 0.22 454.72 752.72 479.72 895.50
2 120 0.16 510.41 808.41 535.41 995.74
3 180 0.13 546.09 844.09 571.09 1059.97
4 240 0.11 572.91 870.91 597.91 1108.25
5 300 0.10 594.62 892.62 619.62 1147.32
10 600 0.07 667.44 965.44 692.44 1278.39
15 900 0.06 714.10 1012.10 739.10 1362.39
20 1200 0.05 749.18 1047.18 77418 1425.52
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Hot Gas Temperature
Natural Ventilation
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ESTIMATING SMOKE LAYER HEIGHT
METHOD OF YAMANA AND TANAKA

z = ((2kQ"*t/3A,) + (1/h 2332
Where z = smoke layer height (m)
Q = heat release rate of the fire (kW)
t = time after ignition (sec)
h, = compartment height (m)
A, = compartment floor area (m?)
k = a constant given by k = 0.076/pg
pg = hot gas layer density (kg/ma)
pg is given by pg = 353/T,
T4 = hot gas layer temperature (K)

Compartment Area Calculation
Ac= (Wc) (Ie)
A, = 5.95 m’

Hot Gas Layer Density Calculation
Pg= 353/T,

Calculation for Constant K

k= 0.076/p,
Smoke Gas Layer Height With Natural Ventilation
z= ((2kQ"™Y3A,) + (1/h 2232
RESULTS
Time Pg k z z
(min) kg/m” (m) (ft)
0 1.20 0.063 1.83 6.00
1 0.47 0.162 0.03 0.08
2 0.44 0.174 0.02 0.08
3 0.42 0.182 0.02 0.07
4 0.41 0.188 0.02 0.07
5 0.40 0.192 0.02 0.07
10 0.37 0.208 0.02 0.06
15 0.35 0.218 0.02 0.05
20 0.34 0.225 0.02 0.05
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Smoke Gas Layer Height
Natural Ventilation
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NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire

Protection Engineering, 2nd Edition, 1995.

Calculations are based on certain assumptions and have inherent limitations. The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.

NRR:+

Dffice of Nuclear Reactor Regulation
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2.15.2 Forced Ventilation
Example Problem 2.15.2-1

Problem Statement

Consider a compartment that is 16 ft wide x 16 ft long x 12 ft high (w, x |, x h.), with a vent opening
that is 3 ft wide x 7 ft high (w, x h,). The forced ventilation rate is 1,000 cfm (exhaust). Calculate
the hot gas layer temperature for a fire size of 500 kW at 2 minutes after ignition. The
compartment boundaries are made of (a) 1 ft thick concrete and (b) 0.7 inch thick gypsum board.

W =16ft—-‘
c

\

S = 1000 cfm

Q = 500 kw N

Example Problem 2-4: Compartment with Forced Ventilation

Solution
Purpose:
For two different interior lining materials determine. The hot gas layer temperature in
the compartment (T,) at t = 2 min after ignition.
Assumptions:
(1) Air properties (ambient) at 77 °F (25 °C)
(2) Simple rectangular geometry (no beam pockets)
(3) One-dimensional heat flow through the compartment boundaries
(4) Constant Heat Release Rate (HRR)
(5) The fire is located at the center of the compartment or away from the walls
(6) The bottom of the vent is at the floor level
(7) The compartment is open to the outside at the inlet (pressure = 1 atm)
Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) For Concrete:
Temperature_FV1.xls (click on Temperature - FV Thermally Thick)
Temperature_FV2.xls (click on Temperature - FV Thermally Thick)
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(b) For Gypsum Board:
Temperature_FV1.xls (click on Temperature - FV Thermally Thin)
Temperature_FV2.xls (click on Temperature - FV Thermally Thin)
Note: Since concrete thickness is greater than one inch, it is necessary to use the
correlations for thermally thick material. However, since gypsum board thickness is less
than 1 inch, it is necessary to use correlations for thermally thin material. Also, each
spreadsheet has a different method to calculate the hot gas layer temperature (T,). We
are going to use both methods to compare the results.

FDT® Input Parameters: (for both spreadsheets)
- Compartment Width (w,) = 16 ft
- Compartment Length (I.) = 16 ft
- Compartment Height (h,) = 12 ft
- Interior Lining Thickness (3) = 12 in (concrete) and .7in (gypsum board)
- Material: Select Concrete and Gypsum Board on the respective FDT®
- Compartment Mass Ventilation Rate (m) = 1,000 cfm

- Fire Heat Release Rate (Q) = 500 kW
- Time after ignition (t) = 2 min. (for sheet Temperature_ FV Thermally Thin only)

Results*
Boundary Material | Hot Layer Gas Temperature (T)
"C(°F)
Method of Foote, Pagni Method of Deal
& Alvares (FPA) & Beyler
Concrete 142 (288) 88 (190)
Gypsum Board 344 (652) 517 (963)

*see spreadsheets on next page att =2 min.
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Spreadsheet Calculations
Boundary Material: Concrete

FDT®: Temperature_FV1.xls (Method of FPA)

CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
IN ROOM FIRE WITH FORCED VENTILATION
COMPARTMENT WITH THERMALLY THICK BOUNDARIES

The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS

COMPARTMENT INFORMATION
Compartment Width (w;)
Compartment Length (l;)
Compartment Height (h.)

Interior Lining Thickness ()

16.00|ft
16.00|ft
12.00]it

4.88 m
4.88 m
3.66 m

0.3048 m

For thermally thick case the interior Iining thickness should be greater than 1 inch.

AMBIENT CONDITIONS
Ambient Air Temperature (T,)

Specific Heat of Air (c;)
Ambient air Density (p,)

7700+

1.00|kJ/kg-K
1.20|kg/m’

25.00 °C
298.00 K

THERMAL PROPERTIES OF COMPARTMENT ENCLOSIN

Interior Lining Thermal Inertia (kpc)

Interior Lining Thermal Conductivity (k)
Interior Lining Specific Heat (c)

Interior Lining Density (p)

G SURFACES
2.9|(kw/m?K)%-sec
0.0016[kw/m-K
0.75]kJ/kg-K
2400|kg/m®

INTERIOR LINING EXPERIMENTAL THERMAL PROPERTIES FOR COMMON MATERIALS

Material

(KW/m?K)%sec

Aluminum (pure)
Steel (0.5% Carbon)
Concrete

Brick

Glass, Plate
Brick/Concrete Block
Gypsum Board
Plywood

Fiber Insulation Board
Chipboard

Aerated Concrete
Plasterboard

Calcium Silicate Board
Alumina Silicate Block
Glass Fiber Insulation
Expanded Polystyrene

Reference: Klote, J., J. Milke, Principles of Smoke Management, 2002 Page 270.

kpc

500
197
2.9
1.7
1.6
1.2
0.18
0.16
0.16
0.15
0.12
0.12
0.098
0.036

0.0018

0.001

k
(KW/m-K)
0.206
0.054
0.0016
0.0008
0.00076
0.00073
0.00017
0.00012
0.00053
0.00015
0.00026
0.00016
0.00013
0.00014
0.000037
0.000034

C

(kJ/kg-K)
0.895
0.465
0.75
0.8
0.8
0.84
1.1
2.5
1.25
1.25
0.96
0.84
1.12
1
0.8
1.5

p

2710 Scroll to desired material then
7850 Click on selection
2400
2600
2710
1900
960
540
240
800
500
950
700
260
60
20

COMPARTMENT MASS VENTILATION FLOW RATE
Forced Ventilation Flow Rate (m)

1000.00|cfm
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FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) 500.00]kw

METHOD OF FOOTE, PAGNI, AND ALVARES (FPA)

Reference: SFPE Handbook of Fire Protection Engineering , 2m Edition, 1995, Page 3-140.
AT/T. = 0.63(Q/mc,Ta)*"*(hkAr/mc,)

Where AT4 = Tq4 - T, = upper layer gas temperature rise above ambient (K)
Ta = ambient air temperature (K)
Q = heat release rate of the fire (kW)
m = compartment mass ventilation flow rate (kg/sec)
¢, = specific heat of air (kJ/Kg-K)
hy = convective heat trensfer coefficient (kW/m2-K)
Ar = total area of the compartment enclosing surface boundaries (m2)

Thermal Penetration Time Calculation Thermally Thick Material
tp = (pey/k)(8/2)°
Where p = interior construction density (kg/ma)

¢, = interior construction heat capacity (kJ/Kg-K)

k = interior construction thermal conductivity (kW/m-K)
8 = interior construction thickness (m)

t, = 26128.98 sec

Heat Transfer Coefficient Calculation

he = v(kpc/t)  fort<t,

Where kpc = interior construction thermal inertia (kW/mz-K)z-sec

(a thermal property of material responsible for the rate of temperature rise)
t = time after ignition (sec)

Area of Compartment Enclosing Surface Boundaries
Ar= 2 (Wexlg) + 2 (hex wg) + 2 (hex |g)
Ar= 118.92 m”

Compartment Hot Gas Layer Temperature With Forced Ventilation
AT/, = 0.63(Q/mc, To)**(hkAr/me,) >

ATy = Te-Te
Ty = ATg+ T,
RESULTS
Time after Ignition (t) h, AT T, AT, T, T, T,
(min) (s) (kW/m*-K) (K) (K) (°C) (°F)
0 0 - - - 298.00 25.00 77.00
1 60 0.22 0.35 103.28 401.28 128.28 262.91
2 120 0.16 0.39 117.01 415.01 142.01 287.61
3 180 0.13 0.42 125.86 423.86 150.86 303.56
4 240 0.11 0.44 132.55 430.55 157.55 315.60
5 300 0.10 0.46 137.99 435.99 162.99 325.38
10 600 0.07 0.52 156.32 454.32 181.32 358.38
15 900 0.06 0.56 168.16 466.16 193.16 379.68
20 1200 0.05 0.59 177.10 475.10 202.10 395.77
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Hot Gas Temperature
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NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire Protection
Engineering, 2™ Edition, 1995.

Calculations are based on certain assumptions and have inherent limitations. The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.

NRR: -

Office of Nuclear Reactor Regulation
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Boundary Material: Concrete
FDT®: Temperature_FV2.xls (Method of Deal and Beyler)

CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
IN ROOM FIRE WITH FORCED VENTILATION
COMPARTMENT WITH THERMALLY THICK BOUNDARIES

The following calculations estimate the hot gas layer temperature in enclosure fire.

Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (w) 16.00} 1t 488 m
Compartment Length (l;) 16.00)t 488 m
Compartment Height (h) 12.00} 1t 3.66 m
Interior Lining Thickness () | 12.00}in 0.3048 m

For thermally thick case the interior lining thickness should be greater than 1 inch.
AMBIENT CONDITIONS

Ambient Air Temperature (T,) °F 25.00 °C
298.00 K

Specific Heat of Air (c;) 1.00[kJ/kg-K

Ambient air Density (p,) 1.20|kg/m’

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES

Interior Lining Thermal Inertia (kpc) 2.9 (kW/m*-K)y*-sec

Interior Lining Thermal Conductivity (k) 0.0016]kw/m-K

Interior Lining Specific Heat (c) 0.75|kJ/kg-K

Interior Lining Density (p) 2400]kg/m?

INTERIOR LINING EXPERIMENTAL THERMAL PROPERTIES FOR COMMON MATERIALS

Material ket k c p IS_eIggl_MalenaJ—_,
(kW/m*-K)%-sec (kW/m-K)  (kJ/kg-K) (kg/m®) Concrete b

Aluminum (pure) 500 0.206 0.895 2710 Scroll to desired material then
Steel (0.5% Carbon) 197 0.054 0.465 7850 Click on selection
Concrete 29 0.0016 0.75 2400

Brick 1.7 0.0008 0.8 2600

Glass, Plate 1.6 0.00076 0.8 2710

Brick/Concrete Block 1.2 0.00073 0.84 1900

Gypsum Board 0.18 0.00017 1.1 960

Plywood 0.16 0.00012 2.5 540

Fiber Insulation Board 0.16 0.00053 1.25 240

Chipboard 0.15 0.00015 1.25 800

Aerated Concrete 0.12 0.00026 0.96 500

Plasterboard 0.12 0.00016 0.84 950

Calcium Silicate Board 0.098 0.00013 1.12 700

Alumina Silicate Block 0.036 0.00014 1 260

Glass Fiber Insulation 0.0018 0.000037 0.8 60

Expanded Polystyrene 0.001 0.000034 1.5 20

Reference: Kiote, J., J. Milke, Principles of Smoke Management, 2002, Page 270.

COMPARTMENT MASS VENTILATION FLOW RATE

Forced Ventilation Flow Rate (m) 1000.00{cfm 0.472 m¥/sec

0.566 kg/sec
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FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) 500.00({kw

METHOD OF DEAL AND BEYLER
Reference: SFPE Handbook of Fire Protection Engineering , 3™ Edition, 2002, Page 3-178.

Heat Transfer Coefficient Calculation

hk =
Where

hy =

0.4 v(kpc /1) fort<t,
kpc = interior construction thermal inertia (kW/m%-K)*-sec
(a thermal property of material responsible for the rate of temperature rise)
§ = thickness of interior lining (m)
0.088 kW/m®*-K

Area of Compartment Enclosing Surface Boundaries

Ar =
Ar =

2(wWexle) + 2(hoxw) + 2(hexlc)
118.92 m

Compartment Hot Gas Layer Temperature With Forced Ventilation

ATg=Q/(m c,+hAy)

Where ATg =T,y - T, =upper layer gas temperature rise above ambient (K)
T, = ambient air temperature (K)
Q = heat release rate of the fire (kW)
m = compartment mass ventilation flow rate (kg/sec)
¢, = specific heat of air (kJ/Kg-K)
h, = convective heat trensfer coefficient (kW/m?-K)
A: = total area of the compartment enclosing surface boundaries (m?)
Results:
time after ignition (t) hkz AT, T, T, T,
(min) (s) (kW/m*-K) (K) (K) (°C) LF)
0 0 - - 298.00 25.00 77.00
1 60 0.09 45.36 343.36 70.36 158.64
2 120 0.06 62.81 360.81 87.81 190.05
3 180 0.05 75.71 373.71 100.71 213.28
4 240 0.04 86.28 384.28 111.28 232.31
5 300 0.04 95.36 393.36 120.36 248.66
10 600 0.03 129.09 | 427.09 154.09 309.36
15 900 0.02 153.07 | 451.07 178.07 352.53
20 1200 0.02 17214 | 470.14 197.14 386.84
Hot Gas Temperature
Forced Ventilation
—
L 500 ¢
N -
o 400 o
= E e
2 300 | ¢
— C
8 200 :
2 100 ¢
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NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire

Protection Engineering, 3™ Edition, 2002.

Calculations are based on certain assumptions and have inherent limitations. The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.

NRR:

Office of Nuclear Reactor Regulation
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Boundary Material: Gypsum Board

FDT®: Temperature_FV1.xls (Method of FPA)

CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
IN ROOM FIRE WITH FORCED VENTILATION
COMPARTMENT WITH THERMALLY THIN BOUNDARIES

The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS

‘COMPARTMENT INFORMATION
Compartment Width (w;)
Compartment Length (l.)
Compartment Height (h.)

Interior Lining Thickness (3)

16.00|t 4.88 m
16.00|t 4.88 m
12.00|t 3.66 m

For thermally thin case the interior lining thickness should be less than or equal to 1 inch.

AMBIENT CONDITIONS

Ambient Air Temperature (T,)

Specific Heat of Air (cp)
Ambient air Density (pa)

T

25.00 °C
298.00 K

1

.00|kJ/kg-K

1

20|kgim?

THERMAL PROPERTIES OF COMPARTMENT ENCLO

Interior Lining Thermal Inertia (kpc)
Interior Lining Thermal Conductivity (k)
Interior Lining Specific Heat (c)

Interior Lining Density (p)

SING SURFACES

0

18] (kW/m?-K)?-sec

0.00017 fkw/m-K

1.1]kJ/kg-K

960]kg/m®

INTERIOR LINING EXPERIMENTAL THERMAL PROPERTIES FOR COMMON MATERIALS

Material

kpc

k

(kW/m*K)*-sec (kW/m-K)

Aluminum (pure)
Steel (0.5% Carbon)
Concrete

Brick

Glass, Plate
Brick/Concrete Block
Gypsum Board
Plywood

Fiber Insulation Board
Chipboard

Aerated Concrete
Plasterboard

Calcium Silicate Board
Alumina Silicate Block
Glass Fiber Insulation
Expanded Polystyrene

500
197
2.9
1.7
1.6
1.2
0.18
0.16
0.16
0.15
0.12
0.12
0.098
0.036
0.0018
0.001

0.206
0.054
0.0016
0.0008
0.00076
0.00073
0.00017
0.00012
0.00053
0.00015
0.00026
0.00016
0.00013
0.00014
3.7E-05
3.4E-05

(kJ/kg-K)

Cc
(kg/’r)na) | Gypsum Board j
0.895 2710 Scroll to desired material then
0.465 7850 Click on selection
0.75 2400
0.8 2600
0.8 2710
0.84 1900
1.1 960
2.5 540
1.25 240
1.25 800
0.96 500
0.84 950
1.12 700
1 260
0.8 60
1.5 20

Select Material

Reference: Klote, J., J. Milke, Principles of Smoke Management, 2002 Page 270.

COMPARTMENT MASS VENTILATION FLOW RATE

Forced Ventilation Flow Rate (m) 1000.00 cfm 0.472 m%sec
0.566 kg/sec
FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) kW
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METHOD OF FOOTE, PAGNI, AND ALVARES (FPA)

Reference: SFPE Handbook of Fire Protection Engineering , 2" Edition, 1995, Page 3-140.

AT/Ta = 0.63(Q/mc,T,)* *(hiAr/me,) >

Where ATg4 = T4 - Ta=upper layer gas temperature rise above ambient (K)
T, = ambient air temperature (K)
Q = heat release rate of the fire (kW)
m = compartment mass ventilation flow rate (kg/sec)
¢, = specific heat of air (kJ/Kg-K)
hy = convective heat transfer coefficient (kW/m2'°C)
At = total area of the compartment enclosing surface boundaries (mz)

Thermal Penetration Time Calculation Thermally Thin Material
tp = (peo/k)(3/2)°
Where p = interior construction density (kg/ms)

Cp = interior construction heat capacity (kJ/Kg-K)
k = interior construction thermal conductivity (kW/m-K)
8 = interior construction thickness (m)

tp = 490.93 sec

Heat Transfer Coefficient Calculation

hy = k/d fort>t,

Where k = interior construction thermal conductivity (kW/m-K)
& = interior construction thickness (m)

h = 0.01 kW/m”K

Area of Compartment Enclosing Surface Boundaries
Ar = 2 (Wex ) +2 (hexwe) +2 (hexle)
Ar= 118.92 m*

Compartment Hot Gas Layer Temperature With Forced Ventilation
AT/T, = 0.63(Q/mc, Ta)*"*(hkAr/me,) %

ATYT, = 1.07

ATy= 319.30 K

ATy = Tg-Ta

Ty = ATg+ T,

T, = 617.30 K

Ty = 344.30 °C 651.74 °F ANSWER
NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire Protection
Engineering, 2™ Edition, 1995.

Calculations are based on certain assumptions and have inherent limitations. The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.

NRR::

Office of Muclear Reactor Regulation
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Boundary Material: Gypsum Board
FDT®: Temperature_FV2.xls (Method of Deal and Beyler)

CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
IN ROOM FIRE WITH FORCED VENTILATION
COMPARTMENT WITH THERMALLY THIN BOUNDARIES

The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.
All subsequent output values are calculated by the spreadsheet and based on values specified in the input

parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).

The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS

COMPARTMENT INFORMATION

Compartment Width (w;) 16.00]t 488 m

Compartment Length (Ic) 16.00|t 4.88 m

Compartment Height (hc) 12.00)1t 3.66 m

Interior Lining Thickness () in 0.01778 m

For thermally thin case the interior lining thickness should be less than or equal to 1 inch.

AMBIENT CONDITIONS

Ambient Air Temperature (T,) °F 27.78 °C
300.78 K

Specific Heat of Air (cp) 1.00]kJ/kg-K

Ambient air Density (p,) 1.20|kg/m’

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES
Interior Lining Thermal Inertia (kpc)

Interior Lining Thermal Conductivity (k)

Interior Lining Specific Heat (c)
Interior Lining Density (p)

0.18](kw/m?K)*-sec
0.00017 fkw/m-K
1.1|kJ/kg-K
960|kg/m®

INTERIOR LINING EXPERIMENTAL THERMAL PROPERTIES FOR COMMON MATERIALS

Material

kpc

(KW/m?-K)*-sec

Aluminum (pure) 500
Steel (0.5% Carbon) 197
Concrete 2.9
Brick 1.7
Glass, Plate 1.6
Brick/Concrete Block 1.2
Gypsum Board 0.18
Plywood 0.16
Fiber Insulation Board 0.16
Chipboard 0.15
Aerated Concrete 0.12
Plasterboard 0.12
Calcium Silicate Board 0.098
Alumina Silicate Block 0.036
Glass Fiber Insulation 0.0018
Expanded Polystyrene 0.001

k
(KW/m-K)
0.206
0.054
0.0016
0.0008
0.00076
0.00073
0.00017
0.00012
0.00053
0.00015
0.00026
0.00016
0.00013
0.00014
3.7E-05
3.4E-05

c Salact Matarial
(k/kg-K) (kg/m®) Gvpsum Board ;l
0.895 2710 Scroll to desired material then
0.465 7850 Click on selection

0.75 2400
0.8 2600
0.8 2710
0.84 1900
1.1 960
2.5 540
1.25 240
1.25 800
0.96 500
0.84 950
1.12 700
1 260
0.8 60
1.5 20

Reference: Klote, J., J. Milke, Principles of Smoke Management, 2002, Page 270.

COMPARTMENT MASS VENTILATION FLOW RATE

Forced Ventilation Flow Rate (m)

1000.00 cfm

0.472 m*/sec
0.566 kg/sec

FIRE SPECIFICATIONS
Fire Heat Release Rate (Q)

[0
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METHOD OF DEAL AND BEYLER

Reference: SFPE Handbook of Fire Protection Engineering , 3™ Edition, 2002, Page 3-178.
ATg =Q/(m Cpt hx At)

Where ATy =Ty - T, = upper layer gas temperature rise above ambient (K)
T, = ambient air temperature (K)
Q = heat release rate of the fire (kW)
m = compartment mass ventilation flow rate (kg/sec)
¢, = specific heat of air (kJ/Kg-K)
hy = convective heat transfer coefficient (kW/mZ-K)
Ar = total area of the compartment enclosing surface boundaries (m2)

Heat Transfer Coefficient Calculation

hy = 0.4 (k/3) fort>t,

Where k = thermal conductivity of interior lining (kW/m-K)
(a thermal property of material responsible for the rate of temperature rise)
& = thickness of interior lining (m)

hy = 0.004 kKW/m*K

Area of Compartment Enclosing Surface Boundaries
Ar= 2(wexlg) + 2(hexwe) + 2(hexle)
Ar= 118.92 m”

Compartment Hot Gas Layer Temperature With Forced Ventilation
ATg =Q/(m Cpt hx At)
ATg=T4-Ta 489.65

Ty= 790.43 K
Te= 517.43 °c 963.374 °F ANSWER
NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire

Protection Engineering, 3™ Edition, 2002.

Calculations are based on certain assumptions and have inherent limitations. The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.

NRR:+"

Office of Nuclear Reactor Regulation
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Example Problem 2.15.2-2

Problem Statement

Consider a compartment that is 12 ft wide x 10 ft long x 8 ft high (w, x I, x h,) with a vent opening
that is 3 ft wide x 7 ft high (w, x h,). The compartment boundaries are made of 0.5 ft thick gypsum
board. The forced ventilation rate is 800 cfm (exhaust). Calculate the hot gas layer temperature
in the compartment for a fire size of 300 kW at 2 minutes.

Q= 300 kW N

Example Problem 2-5; Compartment with Forced Ventilation

Solution
Purpose:
(1) Determine the hot gas layer temperature in the compartment (T,) at t = 2 min after
ignition.
Assumptions:
(1) Air properties (ambient) at 77 °F (25 °C)
(2) Simple rectangular geometry: no beam pockets
(3) One-dimensional heat flow through the compartment boundaries
(4) Constant Heat Release Rate (HRR)
(5) The fire is located at the center of the compartment or away from the walls
(6) The bottom of the vent is at the floor level
(7) The compartment is open to the outside at the inlet (pressure = 1 atm)
Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) Temperature_FV1.xIs (click on Temperature - FV Thermally Thick)
(b) Temperature_FV2.xIs (click on Temperature - FV Thermally Thick)
Note: Since gypsum board thickness is more than 1 inch, it is required to use
correlations for thermally thick materials. Also, each spreadsheet has a different
method to calculate the hot gas layer temperature. We are going to use both methods
to compare values.
FDT® Input Parameters: (for both spreadsheets)
- Compartment Width (w,) = 12 ft
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- Compartment Length (I.) = 10 ft

- Compartment Height (h,) = 8 ft

- Interior Lining Thickness (3) = 6 in

- Material: Select Gypsum Board on the FDT®

- Compartment Mass Ventilation Rate (m) =800 cfm
- Fire Heat Release Rate (Q) = 300 kW

Results*

Boundary Material

Hot Layer Gas Temperature (T,)

"C (F)

Method of Foote, Pagni
& Alvares (FPA)

Method of Deal
& Beyler

Gypsum Board

216 (421)

255 (491)

*see spreadsheet on next page at t = 2 min
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Spreadsheet Calculations
FDT®: Temperature_FV1.xls (Method of FPA)

CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
IN ROOM FIRE WITH FORCED VENTILATION
COMPARTMENT WITH THERMALLY THICK BOUNDARIES

The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS

"COMPARTMENT INFORMATION
Compartment Width (w)
Compartment Length (I.)
Compartment Height (hc)

Interior Lining Thickness (3)

For thermally thick case the interior lining thicl

12.00
10.00
8.00

B

=1

6.00|in

3.66 m
3.05 m
244 m

0.1524 m

kness should be greater than 1 inch.

AMBIENT CONDITIONS
Ambient Air Temperature (T,)

Specific Heat of Air (cp)
Ambient air Density (p,)

7

1.00
1.20

kJ/kg-K
kg/m®

25.00 °C
298.00 K

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES

Interior Lining Thermal Inertia (kpc)
Interior Lining Thermal Conductivity (k)
Interior Lining Specific Heat (c)

Interior Lining Density (p)

0.18
0.00017
1.1

960

(kW/m?-K)*-sec
kW/m-K
kJ/kg-K
kg/m3

INTERIOR LINING EXPERIMENTAL THERMAL PROPERTIES FOR COMMON MATERIALS

Material kpc
(kW/m?-K)*-sec
Aluminum (pure) 500
Steel (0.5% Carbon) 197
Concrete 2.9
Brick 1.7
Glass, Plate 1.6
Brick/Concrete Block 1.2
Gypsum Board 0.18
Plywood 0.16
Fiber Insulation Board 0.16
Chipboard 0.15
Aerated Concrete 0.12
Plasterboard 0.12
Calcium Silicate Board 0.098
Alumina Silicate Block 0.036
Glass Fiber Insulation 0.0018
Expanded Polystyrene 0.001

k
(KW/m-K)
0.206
0.054
0.0016
0.0008
0.00076
0.00073
0.00017
0.00012
0.00053
0.00015
0.00026
0.00016
0.00013
0.00014
0.000037
0.000034

[}

(kJ/kg-K)
0.895
0.465
0.75
0.8
0.8
0.84
1.1
2.5
1.25
1.25
0.96
0.84
1.12
1
0.8
1.5

Reference: Klote, J., J. Milke, Principles of Smoke Management, 2002 Page 270.

p
(kg/m®) Gvpsum Board 'l

2710 Scroll to desired material then
7850 Click on selection
2400
2600
2710
1900
960
540
240
800
500
950
700
260
60
20

COMPARTMENT MASS VENTILATION FLOW RATE

Forced Ventilation Flow Rate (m) cfm 0.378 m%/sec
0.453 kg/sec
FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) kW
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METHOD OF FOOTE, PAGNI, AND ALVARES (FPA)

Reference: SFPE Handbook of Fire Protection Engineering , 2" Edition, 1995, Page 3-140.
AT4/Ta = 0.63(Q/Mc,Ta)* *(hkAr/me,) %

Where ATy = Tg4 - To= upper layer gas temperature rise above ambient (K)
T, = ambient air temperature (K)
Q = heat release rate of the fire (kW)
m = compartment mass ventilation flow rate (kg/sec)
¢, = specific heat of air (kJ/Kg-K)
hy = convective heat transfer coefficient (kW/mZ-K)
Ar = total area of the compartment enclosing surface boundaries (m2)

Thermal Penetration Time Calculation Thermally Thick Material
t, = (pco/k)(8/2)°
Where p = interior construction density (kg/m3)

Cp = interior construction heat capacity (kJ/Kg-K)

k = interior construction thermal conductivity (kW/m-K)
& = interior construction thickness (m)

tp = 36068.24 sec

Heat Transfer Coefficient Calculation

he = v(kpc/t)  fort<t,

Where kpc = interior construction thermal inertia (kW/mz-K)Z-sec

(a thermal property of material responsible for the rate of temperature rise)
t = time after ignition (sec)

Area of Compartment Enclosing Surface Boundaries
A= 2 (Wex ) +2 (hex we) +2 (hex g)
Ar= 55.00 M’

Compartment Hot Gas Layer Temperature With Forced Ventilation
AT4/Ta = 0.63(Q/Mc,To)* *(hkAr/me,) **°

AT, = Te-Ta
Ty= ATg+ T,
RESULTS
Time after Ignition (t) h, AT,IT, AT, T, T, T,
(min) (s) (KW/m*-K) (K) (K) (°C) (°F)
0 0 - - - 298.00 25.00 77.00
1 60 0.05 0.57 168.66 466.66 193.66 380.59
2 120 0.04 0.64 191.08 489.08 216.08 420.94
3 180 0.03 0.69 205.54 503.54 230.54 446.98
4 240 0.03 0.73 216.47 514.47 241.47 466.64
5 300 0.02 0.76 225.34 523.34 250.34 482.61
10 600 0.02 0.86 255.28 553.28 280.28 536.51
15 900 0.01 0.92 274.61 572.61 299.61 571.30
20 1200 0.01 0.97 289.21 587.21 314.21 597.57

2-68



Hot Gas Temperature
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NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire Protection
Engineering, 2™ Edition, 1995.

Calculations are based on certain assumptions and have inherent limitations. The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.

NRR: -

Office of Nuclear Reactor Regulation
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FDT®: Temperature_FV1.xls (Method of Dean and Beyler)

CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
IN ROOM FIRE WITH FORCED VENTILATION
COMPARTMENT WITH THERMALLY THICK BOUNDARIES

The following calculations estimate the hot gas layer temperature in enclosure fire.

Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (w;) 12.00]t 3.66 m
Compartment Length (1) 10.00]|t 3.05m
Compartment Height (h) 8.00|t 244 m
Interior Lining Thickness (3) | 6.00[in 0.1524 m
For thermally thick case the interior lining thickness should be greater than 1 inch.

AMBIENT CONDITIONS N
Ambient Air Temperature (T,) °F 25.00 °C

298.00 K

Specific Heat of Air (cp) 1.00]|kJ/kg-K
Ambient air Density (p,) 1.20|kg/m’

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES
Interior Lining Thermal Inertia (kpc) 0.18|(kW/m?K)*-sec
Interior Lining Thermal Conductivity (k) 0.00017 [kw/m-K
Interior Lining Specific Heat (c) 1.1]kJ/kg-K
Interior Lining Density (p) 960 [kg/m®

INTERIOR LINING EXPERIMENTAL THERMAL PROPERTIES FOR COMMON MATERIALS

Material kpc k c p [S_ELE_QLM.EIELLE]—A,
(kW/m>K)’-sec  (kW/m-K)  (kJ/kg-K) (kg/m®) Gypsum Board -

Aluminum (pure) 500 0.206 0.895 2710 Scroll to desired material then
Steel (0.5% Carbon) 197 0.054 0.465 7850 Click on selection
Concrete 2.9 0.0016 0.75 2400

Brick 1.7 0.0008 0.8 2600

Glass, Plate 1.6 0.00076 0.8 2710

Brick/Concrete Block 1.2 0.00073 0.84 1900

Gypsum Board 0.18 0.00017 1.1 960

Plywood 0.16 0.00012 2.5 540

Fiber Insulation Board 0.16 0.00053 1.25 240

Chipboard 0.15 0.00015 1.25 800

Aerated Concrete 0.12 0.00026 0.96 500

Plasterboard 0.12 0.00016 0.84 950

Calcium Silicate Board 0.098 0.00013 1.12 700

Alumina Silicate Block 0.036 0.00014 1 260

Glass Fiber Insulation 0.0018 0.000037 0.8 60

Expanded Polystyrene 0.001 0.000034 15 20

Reference: Klote, J., J. Milke, Principles of Smoke Management, 2002, Page 270.

COMPARTMENT MASS VENTILATION FLOW RATE
Forced Ventilation Flow Rate (m) 800.00cfm 0.378 m%sec

0.453 kg/sec
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FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) 300.00]kw

METHOD OF DEAL AND BEYLER

Reference: SFPE Handbook of Fire Protection Engineering, 3™ Edition, 2002, Page 3-178.

Heat Transfer Coefficient Calculation
hg = 0.4v(kpc/t) fort<t,

Where kpc = interior construction thermal inertia (kW/m2-K)2-sec
(a thermal property of material responsible for the rate of temperature rise)
8 = thickness of interior lining (m)

h = 0.022 kKW/m*“-K

Area of Compartment Enclosing Surface Boundaries
Ar= 2(wexlg) + 2(hexwe) + 2(hexl)
Ar= 55.00 m*

Compartment Hot Gas Layer Temperature With Forced Ventilation
ATg =Q/(m Cpt hx A7)

Where ATy = Tq4 - To=upper layer gas temperature rise above ambient (K)
T, = ambient air temperature (K)
Q = heat release rate of the fire (kW)
m = compartment mass ventilation flow rate (kg/sec)
cp = specific heat of air (kJ/Kg-K)
hy = convective heat transfer coefficient (kW/mz-K)
At = total area of the compartment enclosing surface boundaries (mz)

Results:
ltime after ignition (t) h, AT, T, T, T,
(min) (s) (kW/m*-K) (K) (K) (°C) CF)
0 0 - - 298.00 25.00 77.00

1 60 0.02 180.94 | 478.94 205.94 402.69

2 120 0.02 229.87 | 527.87 254.87 490.76

3 180 0.01 261.15 559.15 286.15 547.07

4 240 0.01 284.21 582.21 309.21 588.58

5 300 0.01 302.44 | 600.44 327.44 621.39

10 600 0.01 359.66 | 657.66 384.66 724.40

15 900 0.01 392.57 690.57 417.57 783.63

20 1200 0.00 415.22 713.22 440.22 824.40
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NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire

Protection Engineering, 3™ Edition, 2002.

Calculations are based on certain assumptions and have inherent limitations. The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.

NRR: -

Office of Nuclear Reactor Regulation
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Problem 2.15.2-3

Problem Statement

Consider a compartment that is 8 ft wide x 8 ft long x 6 ft high (w, x |, x h,). The compartment
boundaries are made of 0.75 ft thick brick. The forced ventilation rate is 400 cfm (exhaust).
Calculate the hot gas layer temperature in the compartment for a fire size of 500 kW at 2 minutes.

= |
W, a1t |

—
q4—
A—
i -,

m =400 cfm

Q=500 kW .

Example Problem2-6: Compartment with Forced Ventilation
Solution
Purpose:
(1) Determine the hot gas layer temperature in the compartment (T,) at t = 2 min after
ignition.
Assumptions:
(1) Air properties (ambient) at 77 °F (25 °C)
(2) Simple rectangular geometry (no beam pockets)
(3) One-dimensional heat flow through the compartment boundaries
(4) Constant Heat Release Rate (HRR)
(5) The fire is located at the center of the compartment or away from the walls
(6) The bottom of the vent is at the floor level
(7) The compartment is open to the outside at the inlet (pressure = 1 atm)
Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) Temperature_FV1.xls (click on Temperature - FV Thermally Thick)
(b) Temperature_FV2.xIs (click on Temperature - FV Thermally Thick)
Note: Since the interior lining material thickness is more than 1 inch, it is required to
use correlations for thermally thick materials. Also, each spreadsheet has a different
method to calculate the hot gas layer temperature. We are going to use both methods
to compare values.
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FDT® Input Parameters:

- Compartment Width (w,) = 8 ft
- Compartment Length (I.) = 8 ft
- Compartment Height (h,) = 6 ft
- Interior Lining Thickness (3) = 9 in
- Material: Select Brick on the FDT®

- Compartment Mass Ventilation Rate (m) =400 cfm
- Fire Heat Release Rate (Q) = 500 kW

Results*

Boundary Material

Hot Layer Gas Temperature (T,)

"C (F)

Method of Foote, Pagni

& Alvares (FPA)

Method of Deal &
Beyler

Brick

320 (608)

329 (625)

*see spreadsheet on next page at t = 2 min.
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Spreadsheet Calculations
FDT®: Temperature_FV1.xls (Method of FPA)

CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
IN ROOM FIRE WITH FORCED VENTILATION
COMPARTMENT WITH THERMALLY THICK BOUNDARIES

The following calculations estimate the hot gas layer temperature and smoke layer height in enclosure fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (w;) 8.00|ft 244 m
Compartment Length (I;) 8.00} 1t 2.44 m
Compartment Height (h) 6.00]ft 1.83 m

Interior Lining Thickness () . 9.00|in 0.2286 m
For thermally thick case the interior Iining thickness should be greater than 1 inch.
AMBIENT CONDITIONS

Ambient Air Temperature (T,) °F 25.00 °C
298.00 K

Specific Heat of Air (c;) 1.00]kJ/kg-K

Ambient air Density (pa) 1.20|g/m’

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES

Interior Lining Thermal Inertia (kpc) 1.7 (kwim?-K)>-sec

Interior Lining Thermal Conductivity (k) 0.0008[kwW/m-K

Interior Lining Specific Heat (c) 0.8]kJ/kg-K

Interior Lining Density (p) 2600]kg/m®

INTERIOR LINING EXPERIMENTAL THERMAL PROPERTIES FOR COMMON MATERIALS

Material kpc k c p >
(kWim*K)>sec  (kW/m-K)  (kd/kg-K) (kg/m?) | Brick [

Aluminum (pure) 500 0.206 0.895 2710 Scroll to desired material then
Steel (0.5% Carbon) 197 0.054 0.465 7850 Click on selection
Concrete 2.9 0.0016 0.75 2400

Brick 1.7 0.0008 0.8 2600

Glass, Plate 1.6 0.00076 0.8 2710

Brick/Concrete Block 1.2 0.00073 0.84 1900

Gypsum Board 0.18 0.00017 1.1 960

Plywood 0.16 0.00012 2.5 540

Fiber Insulation Board 0.16  0.00053 1.25 240

Chipboard 0.15 0.00015 1.25 800

Aerated Concrete 0.12 0.00026 0.96 500

Plasterboard 0.12 0.00016 0.84 950

Calcium Silicate Board 0.098 0.00013 1.12 700

Alumina Silicate Block 0.036 0.00014 1 260

Glass Fiber Insulation 0.0018 0.000037 0.8 60

Expanded Polystyrene 0.001 0.000034 1.5 20

Reference: Kilote, J., J. Milke, Principles of Smoke Management, 2002 Page 270.

COMPARTMENT MASS VENTILATION FLOW RATE

Forced Ventilation Flow Rate (m) 400.00|cfm 0.189 m*/sec

0.227 kg/sec

FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) 500.00]kw
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METHOD OF FOOTE, PAGNI, AND ALVARES (FPA)

Reference: SFPE Handbook of Fire Protection Engineering , 2" Edition, 1995, Page 3-140.
AT/Ta = 0.63(Q/mc,T)*"*(hiAr/me,) **°

Where ATy = T4 - To= upper layer gas temperature rise above ambient (K)
T, = ambient air temperature (K)
Q = heat release rate of the fire (kW)
m = compartment mass ventilation flow rate (kg/sec)
¢, = specific heat of air (kJ/Kg-K)
hy = convective heat transfer coefficient (kW/mZ-K)
Ar = total area of the compartment enclosing surface boundaries (m2)

Thermal Penetration Time Calculation Thermally Thick Material
t, = (pco/k)(5/2)°
Where p = interior construction density (kg/m3)

¢Cp = interior construction heat capacity (kJ/Kg-K)

k = interior construction thermal conductivity (kW/m-K)
& = interior construction thickness (m)

tp = 33967.67 sec

Heat Transfer Coefficient Calculation

hy = v(kpc/t)  fort< t

Where kpc = interior construction thermal inertia (kW/mZ-K)Z-sec

(a thermal property of material responsible for the rate of temperature rise)
t = time after ignition (sec)

Area of Compartment Enclosing Surface Boundaries
Ar= 2 (WeXx ) +2 (hexwg) + 2 (hex )
Ar= 29.73 m’

Compartment Hot Gas Layer Temperature With Forced Ventilation
AT4/Ta = 0.63(Q/Mc,To)*"*(hkAr/me,) **°

AT, = Te-Te
Tg= ATg+ T,
RESULTS
Time after Ignition (t) h, AT T, AT, T, T, T,
(min) s) | (kW/m“K) (K) (K) (°C) (°F)
0 0 - - - 298.00 25.00 77.00
1 60 0.17 0.87 260.48 558.48 285.48 545.86
2 120 0.12 0.99 295.09 593.09 320.09 608.17
3 180 0.10 1.07 317.43 615.43 342.43 648.38
4 240 0.08 112 334.31 632.31 359.31 678.75
5 300 0.08 117 348.01 646.01 373.01 703.41
10 600 0.05 1.32 394.25 692.25 419.25 786.65
15 900 0.04 1.42 42410 722.10 449.10 840.38
20 1200 0.04 1.50 446.64 744.64 471.64 880.95
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NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire Protection
Engineering, 2™ Edition, 1995.

Calculations are based on certain assumptions and have inherent limitations. The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.

NRR::

Dffice of Nuclear Reactor Regulation
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FDT®: Temperature_FV2.xls (Method Dean and Beyler)

CHAPTER 2 - METHOD OF PREDICTING HOT GAS LAYER TEMPERATURE
IN ROOM FIRE WITH FORCED VENTILATION
COMPARTMENT WITH THERMALLY THICK BOUNDARIES

The following calculations estimate the hot gas layer temperature in enclosure fire.

Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS
COMPARTMENT INFORMATION

Compartment Width (w;) 8.00|t 244 m
Compartment Length (1) 8.00|ft 244 m
Compartment Height (h) 6.00]ft 1.83m
Interior Lining Thickness (3) in 0.2286 m

For thermally thick case the interior lining thickness should be greater than 1 inch.
AMBIENT CONDITIONS

Ambient Air Temperature (T,) °F 25.00 °C
298.00 K

Specific Heat of Air (cp) 1.00]kJ/kg-K

Ambient air Density (pa) 1.20|kg/m*

THERMAL PROPERTIES OF COMPARTMENT ENCLOSING SURFACES

Interior Lining Thermal Inertia (kpc) 1.7 (kW/m?K)*-sec

Interior Lining Thermal Conductivity (k) 0.0008]kw/m-K

Interior Lining Specific Heat (c) 0.8|kJ/kg-K

Interior Lining Density (p) 2600|kg/m®

INTERIOR LINING EXPERIMENTAL THERMAL PROPERTIES FOR COMMON MATERIALS

Material kpt k c P lsglgcl_MamnaJ—J
(kW/m*K)>-sec (kW/m-K)  (kJ/kg-K) (kg/m®) | Brick h

Aluminum (pure) 500 0.206 0.895 2710 Scroll to desired material then
Steel (0.5% Carbon) 197 0.054 0.465 7850 Click on selection
Concrete 2.9 0.0016 0.75 2400

Brick 1.7 0.0008 0.8 2600

Glass, Plate 1.6 0.00076 0.8 2710

Brick/Concrete Block 1.2 0.00073 0.84 1900

Gypsum Board 0.18 0.00017 1.1 960

Plywood 0.16  0.00012 2.5 540

Fiber Insulation Board 0.16  0.00053 1.25 240

Chipboard 0.15 0.00015 1.25 800

Aerated Concrete 0.12 0.00026 0.96 500

Plasterboard 0.12 0.00016 0.84 950

Calcium Silicate Board 0.098 0.00013 1.12 700

Alumina Silicate Block 0.036 0.00014 1 260

Glass Fiber Insulation 0.0018 0.000037 0.8 60

Expanded Polystyrene 0.001 0.000034 1.5 20

Reference: Kiote, J., J. Milke, Principles of Smoke Management, 2002, Page 270.

COMPARTMENT MASS VENTILATION FLOW RATE
Forced Ventilation Flow Rate (m) 400.00]cfm 0.189 m*/sec

0.227 kg/sec

FIRE SPECIFICATIONS
Fire Heat Release Rate (Q) 500.00]|kw
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METHOD OF DEAL AND BEYLER

Reference: SFPE Handbook of Fire Protection Engineering , 3™ Edition, 2002, Page 3-178.

Heat Transfer Coefficient Calculation
hy = 0.4v(kpc/t) fort<t,

Where kpc = interior construction thermal inertia (kW/m?-K)*-sec
(a thermal property of material responsible for the rate of temperature rise)
8 = thickness of interior lining (m)

h = 0.067 kKW/m*K

Area of Compartment Enclosing Surface Boundaries
Ar= 2(wWexlg) + 2(hexwe) + 2(hexlc)
Ar= 29.73 m’

Compartment Hot Gas Layer Temperature With Forced Ventilation

ATy=Q/ (m c,+hyAr)

Where ATy = Tq4 - Ta=upper layer gas temperature rise above ambient (K)
T, = ambient air temperature (K)
Q = heat release rate of the fire (kW)
m = compartment mass ventilation flow rate (kg/sec)
cp = specific heat of air (kJ/Kg-K)
hy = convective heat transfer coefficient (kW/mz-K)
At = total area of the compartment enclosing surface boundaries (m2)

Results:
Jtime after ignition (t) h, AT, T, T, T,
(min) (s) (kW/m*-K) I (K) (K) (°C) (CF)
0 0 - - 298.00 25.00 77.00

1 60 0.07 224.40 522.40 249.40 480.92

2 120 0.05 304.52 602.52 329.52 625.14

3 180 0.04 361.74 659.74 386.74 728.14

4 240 0.03 407.38 | 705.38 432.38 810.28

5 300 0.03 445.75 | 743.75 470.75 879.35

10 600 0.02 581.72 879.72 606.72 1124.10

15 900 0.02 672.62 970.62 697.62 1287.72

20 1200 0.02 741.71 1039.71 766.71 1412.08
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NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire

Protection Engineering, 3™ Edition, 2002.

Calculations are based on certain assumptions and have inherent limitations. The results of such
calculations may or may not have reasonable predictive capabilities for a given situation, and should
only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.

NRR: -

Office of Nuclear Reactor Regulation
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CHAPTER 3. ESTIMATING BURNING CHARACTERISTICS OF LIQUID POOL
FIRE, HEAT RELEASE RATE, BURNING DURATION, AND
FLAME HEIGHT

31 Objectives
This chapter has the following objectives:

Identify the predominant flammable material in an NPP.

Introduce the methods that are used to estimate the heat release rate.
Identify the factors that influence the heat release rate and burning rate.
Explain how to analyze pool fires in NPPs.

Explain how to analyze the burning duration of pool fires.

Identify the zones of a candle and the categories of a flame.

Describe the importance of ceiling configurations.

Explain turbulent diffusion flames.

Introduce the factors that determine how fast an object will heat.

Define relevant terms, including heat release rate, heat of combustion, burning duration,
flame height, adiabatic flame, laminar, and turbulent flames.

3.2 Heat Release Rate

Fire development is generally characterized in terms of heat release rate (HRR) vs. time. Thus,
determining the HRR (or burning rate)' is an essential aspect of a fire hazard analysis (FHA). The

relationship between HRR (or Q ) and time for a certain scenario is termed the design fire curve
for that scenario, as illustrated in Figure 3-1.

For a routine FHA, it is acceptable to broadly approximate the burning rates (HRRs). Forinstance,
post-flashover structure analyses are often based on the fire duration or severity associated with
an aggregate fuel loading (combustible load per unit floor area). However, if it is essential to
estimate specific fire effects within an enclosure, it is essential to more accurately determine the
burning rate characteristics (i.e., HRR history).

The HRR is not a fundamental property of a fuel and, therefore, cannot be calculated from the
basic material properties. It is usually determined from testing. Table 3-1 lists some HRR
characteristic values obtained by burning various fuel packages and recording the heat output from
various sources.

'The heat release rate may be thought of as the “power” of the fire and is some times referred to
as fire “power”.
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Table 3-1. Rough Measure of Heat Released or Generated from Various
Sources (Karlsson and Quintiers, 1999) (Waiting for Copyright Permission)

Estimates of fire source intensities (i.e., HRR) can be based either on direct measurements of the
burning rates of similar large fuel configurations or the extrapolation of small-scale test data
obtained under simulated thermal conditions. In the absence of measured HRR data, the fire
protection engineer (FPE) must estimate the HRR history for a particular fuel. While not as
accurate as laboratory testing, sufficient information exists in the literature to permit estimates of
initial fire growth, peak burning rates, and fire duration for various fuels and fuel geometries.

Various studies (Lee, 1985, Nowlen, 1986, and 1987, Chavez, 1987, and Babrauskas, 1991) have
measured and reported representative unit HRR values for a number of fuels present in an NPP,
such as electrical cables, electrical cabinets, and transient combustibles (e.g.,
flammable/combustible liquids and trash). Flammable/combustible liquid spill fires and trash fires
are the most commonly postulated transient fuel exposure fires, while electrical cable and cabinet
fires are the most commonly postulated fixed fuel fires in NPPs. In fact, the plastic insulation and
jackets on electrical cables are usually the predominant flammable material in an NPP.

The most common method to measure HRR is known as “"oxygen consumption calorimetry”
(ASTM E1354). The basis of this method is that most gases, liquids, and solids release a constant
amount of energy for each unit mass of oxygen consumed. This constant has been found to be
13,100 kJ/kg oxygen consumed and is considered to be accurate within £5-percent for most
hydrocarbon fuels. After ignition, all of the combustion products are collected in a hood and
removed through an exhaust duct in which the flow rate and composition of the gases is measured
to determine how much oxygen has been used for combustion. The HRR then can be computed
using the constant relationship between oxygen consumed and energy released, as discussed
above.
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Another common method of assessing HRR is to measure the burning rate, which is also known
as the mass loss rate. This is done by weighing the fuel package as it burns, using weighing
devices or a load cell. Estimating the HRR based on the mass loss rate requires knowledge of the
effective heat of combustion. The HRR is then calculated using the following equation:

Q = I‘hAI_Ic,eff (3-1)
Where:
O = heat release rate (kW)

m = burning or mass loss rate (kg/sec)
AH, . = effective heat of combustion (kJ/kg)

The average burning rates for many products and materials have been experimentally determined
in free burning tests. For many materials, the burning rate is reported per horizontal burning area
in units of kg/m?sec. If the area of the fuel and the effective heat of combustion are known, the
above equation becomes:

Q =m"AH_ ;A; (3-2)

Where:
m” = burning or mass loss rate per unit area per unit time (kg/m*-sec)
A; = horizontal burning area of the fuel (m?)

The average burning rate per unit area per unit time, heat of combustion, and fuel-specific

properties have been tabulated for a number of different fuels. (See Table 3-2 for free burning fire
characteristics of various fuels.)
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Table 3-2. Large-Pool Fire Burning Rate Data

(Babrauskas, 1995)

Material Mass Loss Rate | Heat of Density
Combustion
m” AHC_ off p
(kg/m?-sec) (kJ/kg) (kg/m?®)

Cryogenics

Liquid H, 0.017 12,000 70
LNG (mostly CH,) 0.078 50,000 415
LPG (mostly C;H;) 0.099 46,000 585
Alcohols

Methanol (CH;0H) 0.017 20,000 796
Ethanol (C,H;OH) 0.015 26,800 794
Simple Organic Fuels

Butane (C,H,,) 0.078 45,700 573
Benzene (CgHg) 0.085 40,100 874
Hexane (C¢H,,) 0.074 44,700 650
Heptane (C;H,¢) 0.101 44,600 675
Xylene (CgH, () 0.090 40,800 870
Acetone (C;H0) 0.041 25,800 791
Dioxane (C,H;0,) 0.018 26,200 1,035
Diethyl ether (C,H,,0) 0.085 34,200 714
Petroleum Products

Benzine 0.048 44,700 740
Gasoline 0.055 43,700 740
Kerosine 0.039 43,200 820
JP-4 0.051 43,500 760
JP-5 0.054 43,000 810
Transformer oil, hydrocarbon | 0.039 46,400 760
Fuel oil, heavy 0.035 39,700 940-1,000
Crude oil 0.022-0.045 42,500-42,700 830-880
Solids

Polymrthylmethacrylate 0.020 24,900 1,184
(CsH50,),

Polypropylene (C;Hs), 0.018 43,200 905
Polystyrene (CgHs), 0.034 39,700 1,050

The effective heat of combustion (sometimes called the chemical heat of combustion) is a measure
of how much energy is released when a unit mass of material is oxidized. This value is typically
given in kJ/kg. It is important to distinguish between the complete heat of combustion and the
effective heat of combustion. The complete heat of combustion is the measure of energy released
when combustion is complete, leaving no residual fuel and releasing all of the chemical energy of
the material. The effective heat of combustion is more appropriate for a fire in which combustion
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is not necessarily complete and some residue remains. This is also sometimes termed the
chemical heat of combustion.

For example, Babrauskas (1983 and 1986) distinguishes four burning modes of pool fires as
defined by size in Table 3-3.

Table 3-3. Pool Fire Burning Modes

Pool Fire Diameter (m) Burning Mode
<0.05 (2 in) Convective, laminar
<0.2 (8 in) Convective, turbulent

0.2t0 1.0 (8 in to 3.3 ft) >1.0 (3.3 ft) Radiative, optically thin
Radiative, optically thick

3.2.1 Enclosure Effects on Mass Loss Rate

When an object (fuel) burns inside a compartment, the two main factors that influence the fire
growth are energy released and burning or mass loss rate of the fuel. The smoke and hot gases
will accumulate at the compartment ceiling level and heat the compartment boundaries (ceiling and
walls). These compartment boundary surfaces and the hot gases radiate heat toward the fuel
surface, thereby increasing the fuel burning rate. Second, the compartment openings (doors,
windows, and other leakage areas) may restrict the availability of oxygen needed for combustion,
thereby decreasing the amount of fuel consumed and increasing in the concentration of unburned
gases. If the ventilation opening is small, the limited availability of oxygen causes incomplete
combustion, thereby in a decreasing the HRR, which in turn reduces the gas temperature and heat
transfer to the fuel surface, while the fuel continues to release volatile gases at a similar or
somewhat lower rate. When partial combustion of the gases occurs within the compartment, the
gas leaving the compartment mixes with oxygen and flames appear at the ventilation opening. In
summary, compartment heat transfer can increase the burning or mass loss rate of the fuel, while
compartment ventilation of the available air near the floor decreases the mass loss rate. Figure
3-2 illustrates the compartment effect on mass loss rate in burning a hypothetical item.

3.2.2 Pool Fires

A pool fire involves a horizontal, upward-facing, combustible fuel. The term implies the fuel in the
liquid phase (pool), but it can also apply to flat slabs of solids fuels which decompose in a manner
similar to liquids [e.g., Polymethylmethacrylate (PMMA) or Plexiglass and Polyethylene (PE)].
Liquid fuel may burn in an open storage container or on the ground in the form of a spill. For a
given amount of fuel, spills with a large surface area burn with a high HRR for a short duration, and
spills with a smaller surface area burn with a lower HRR for a longer duration. When spilled, the
flammable/combustible liquid may form a pool of any shape and thickness, and may be controlled
by the confinement of the area geometry such as a dike or curbing. Once ignited, a pool fire
spreads rapidly over the surface of the liquid spill area. The burning rate of a given fuel can also
be affected by its substrate (i.e., gravel and sand) in a spill. For flammable/combustible liquids,
flame spread rates range from approximately 10 cm/sec (4 in/sec) to 2 m/sec (6.6 ft/sec). Pool
fires in NPPs can result from leakage of the reactor coolant pump (RCP) at the gland or the seal,
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oil spill from electrical transformers, and pumps or fuel spray from pipe flanges on equipment such
as stand-by diesel generator (SBDGs). Transient fuels such as liquids used for cleaning and
painting are sources of pool fire in an NPP. Figure 3-3 depicts the dynamic feature of a pool fire.
Table 3-4 summarizes the burning rate of combustible liquids and solids found in typical NPPs.

Table 3-4. Burning Rate Data of Some Common Combustible Materials
Found in Nuclear Power Plants

Fuel Mass Burning Rate | Heat of Density
Combustion

m” AH,, o )

(kg/m?-sec) (kJ/kg) (kg/m?®)
Cable Materials
PE/PVC 0.0044 25,100 -
XPE/FRXPE 0.0037 28,300 -
XPE/Neoprene 0.0043 10,300 -
PE, PP/CI.S.PE 0.0026 26,800 -
FRXPE/CI.S.PE 0.0033 17,300 -
PE, Nylon/PVC, Nylon 0.0034 10,200 -
Silicone, glass braid, asbestos 0.0045 24,000 -
XPE/XPE 0.0044 12,500 -
FEP - Teflon™ 0.007 3,200 -
ETFE - Tefzel™ 0.014 12,600 -
Flammable/Combustible Liquid
Diesel Oil 0.044 44,400 918
Gasoline 0.055 43,700 740
Kerosene 0.039 43,200 820
Transformer Qil 0.039 46,000 760

*Lube Oil (used in RCP motors and
turbine lubrication)* - - -

Cellulose Material
Wood 0.055 13,000-15,000 420-640

*For lubricating oil use properties of transformer oil, which has similar burning characteristics.

CL.S.PE-Chlorosulfonated Polyethylene; FR-Fire Retardant; PE-Polyethylene;
PP-Polypropylenen; PVC-Polyvinylchloride; Teflon™ - FEP-Fluorinated Polyethylene-
Polypropylenen; Tefzel™ - ETFE-Ethylenetetrafluoroethylene;

XLPE-Crosslinked Polyethylene.

3.3 Burning Duration

The burning rate of a given fuel is controlled by both its chemistry and its form. Fuel chemistry
refers to its composition (e.g., cellulosic vs. petrochemical). Common cellulosic materials include
wood, paper, cotton, and fabric. Petrochemical materials include liquids or plastics that are largely
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petroleum based. The form (or shape) of the fuel material also has an effect on its burning rate.

A particularly important form factor is the surface area to mass ratio of the fuel, which is defined
as the surface area available to combust as compared to the total mass of the material.

The concept of burning duration is a way of characterizing the hazard of a compartment fire in
terms of the length of time the fuel in the compartment could be expected to burn, which depends
on the total amount of fuel available. Fuel loading is the concept that describes the expected
burning duration, provided that the necessary amount of air is available (i.e., fuel-controlled fire).
A fire burning at a constant HRR consumes fuel mass at a constant rate. Thus, the mass of
material being burned per second and the amount of material available to be consumed, it is
possible to estimate the total burning duration of a fuel.

3.3.1 Burning Duration of Pool Fire

When a spilled liquid is ignited, a pool fire develops. Provided that an ample supply of oxygen is
available, the amount of surface area of the given liquid becomes the defining parameter. The
diameter of the pool fire depends upon the release mode, release quantity (or rate), and burning
rate. In some instances, the spill is unrestricted by curbs or dikes, allowing it to spread across the
ground and establish a large exposed surface area. Liquid pool fires with a given amount of fuel
can burn for long periods of time if they have a small surface area, or for short periods of time over
alarge spill area. For afixed mass or volume of flammable/combustible liquid, the burning duration
(t,) for the pool fire is estimated using the following expression:

4V
TED2V

th = (3-3)
Where:

V = volume of liquid (gallons or m?)

D = pool diameter (m)

v = regression rate (m/sec)

As a pool of liquid combusts and the fuel is consumed, its depth decreases. The rate of burning,

also called the regression rate (v), is defined as a volumetric loss of liquid per unit surface area of
the pool per unit time, as illustrated by the following expression:

(3-4)

Where:
m” = mass burning rate of fuel (kg/m?-sec)
p = liquid fuel density (kg/m?)

3.4 Flame Height

A flame is a body or stream of gaseous material involved in the combustion process, which emits
radiant energy at specific wavelength bands depending on the combustion chemistry of the fuel
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involved. In most cases, some portion of the emitted radiant energy is visible to the human eye as
the glowing, gaseous portion of a fire, which is typically referred to as its flame.

The flame generally consists of a mixture of oxygen (air) and another gas, typically a combustible
substance such as hydrogen, carbon monoxide, or a hydrocarbon. The brightest flames are not
always the hottest. For example, hydrogen exhibits a high flame temperature. However it
combines with oxygen when burning to form water, hydrogen has an almost invisible flame under
ordinary circumstances. When hydrogen is absolutely pure and the air around it is completely free
of dust, the hydrogen flame cannot be seen, even in dark a room.

In order to gain a better understanding of flames, a burning candle can be used as an example.
When the candle is lit, the heat of the match melts the wax, which is carried up the wick and
vaporized by the heat. As it is broken down by the heat, the vaporized wax combines with the
oxygen of the surrounding air and produces heat and light in the form of a flame. The candle flame
consists of three zones, which are easily distinguished. The innermost, nonluminous zone is
composed of a gas/air mixture at a comparatively low temperature. In the second luminous zone,
hydrogen (H,) and carbon monoxide (CO) (produced by decomposition of the wax) react with
oxygen to form combustion products, which include water (H,O) and carbon dioxide (CO,). In this
zone, the temperature of the flame is 590 to 680 °C (1,094 to 1,256 °F), which is sufficiently intense
to dissociate the gases in the flame and produce free carbon particles. These particles are heated
to incandescence and then consumed. Outside the luminous zone is a third, invisible zone in which
the remaining CO and H, are finally consumed. This zone is not visible to the human eye. Figure
3-4 shows the temperature distribution through the flame of a burning candle.

All combustible substances require a finite amount of oxygen for complete burning. (A flame can
be sustained in an atmosphere of pure chlorine, but combustion can not complete.) In the burning
of a candle or solids such as wood or coal, the surrounding atmosphere supplies this oxygen. In
gas burners, air or pure oxygen is mixed with the gas at the base of the burner so that the carbon
is consumed almost instantaneously at the mouth of the burner. This is an example of a premixed
flame. The hottest portion of the flame of a Bunsen burner has a temperature of approximately
1,600 °C (2,912 °F). By contrast, the hottest portion of the oxygen-acetylene flames (torch) used
for cutting and welding metals reaches approximately 3,500 °C (6,330 °F) because the increased
oxygen in the case of the torch yields a significantly higher flame temperature. Any time the
oxygen rate is increased (e.g., wind- or airflow-aided combustion or an oxygen-enriched
atmosphere), the temperatures obtained will be higher than for the fuel combusting in a normal
atmosphere.

A flame can be thought of in two distinct categories, including diffusion flame (Figure 3-5) and
premixed flame (Figure 3-6). A diffusion flame is one in which the fuel and oxygen are transported
(diffused) from opposite sides of the reaction zone (flame). A premixed flame is one in which the
oxygen is mixed with the combustible gas by some mechanical device prior to combustion.
Diffusion and premixed flames can be further classified as laminar or turbulent, depending on the
steadiness of the flames produced. Figure 3-7 illustrates a laminar diffusion flame produced by a
burning candle. (Laminar means that the flow streamlines are smooth and do not bounce around
significantly.) Figure 3-8 illustrates examples of laminar premixed flames.
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Most turbulent premixed flames occur in engineered combustion systems, such as a boiler,
furnace, process heater, gas burner, oxyacetylene torch, gasoline engine, or home gas cooking
range. Most natural flaming processes produce diffusion flames, since no burner or other
mechanical device exists to mix fuel and air. Common examples include a candle flame, a trash
can fire, a hydrocarbon pool fire, or a forest fire.

3.4.1 Flame Extensions Under Ceiling

Most fire protection engineering (FPE) applications are concerned with the buoyant axisymmetric
plume, which is caused by a turbulent diffusion flame above the burning fuel. When a flame
impinges on an unconfined ceiling, the unburnt gases spread out radially and entrain air for
combustion. A circular flame is then established under the ceiling, forming what is known as a
ceiling jet. The ceiling configuration is very important for at least two reasons:

(1) Fire detection devices and automatic sprinklers are generally mounted just under the
ceiling, and knowledge of the time of arrival and properties of a potential ceiling jet are
crucial for predicting when the devices will be actuated.

(2) The downward thermal radiation from a ceiling jet, and from the hot ceiling itself, is a major
factor in preheating and igniting combustible items that are not yet involved in the fire. This
radiation heat transfer is very important in affecting the rate of fire spread. Figure 3-9
shows flame extensions under a smooth ceiling.

3.4.2 Flame Impingement

Flame that directly impacts a surface is called flame impingement. Direct flame impingement
generally transfers large quantities of heat to the surface. Flame impingement occurs when gases
from a buoyant stream rise above a localized area. The buoyant gas stream is generally turbulent
except when the fire source is very small.

3.4.3 Flame Temperature

The pulsing behavior of a flame affects its temperature. The temperature varies across the width
and height of the flame and the temperature at a fixed position will fluctuate widely, particularly
around the edges and near the top of the flame. Therefore, any discussion of flame temperature
usually involves reporting the centerline temperature or average flame temperature, which is
determined by measuring the temperature at different times and different locations within the flame.

Table 3-5 summarizes the average flame temperature for a range of common fuel types. Notice
that the flame temperature for flames involving gasoline is approximately the same as for flames
involving wood. While these values may seem odd, they are explained by the different radiation
properties of the flames produced by the respective materials.
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Table 3-5. Flame Temperatures of Selected Fuels
Fuel Source (Flames) Flame Temperature
"C (°F)

Benzene 921 (1,690)

Gasoline 1,026 (1,879)

JP-4 927 (1,701)

Kerosene 990 (1,814)

Methanol 1,200 (2,192)

Wood 1,027 (1,881)

For convenience, we can subdivide the turbulent diffusion flames from potentially hazardous fires
into flames in the open, and room fires as described in the following sections.

3.4.4 Flames Temperatures of Open Fires

The starting point for discussing the flame temperatures of open fires can be the work of the late
Dr. McCaffrey (1979), who extensively studied temperatures in turbulent diffusion flames.

Dr. McCaffrey used gas burners in a “pool fire” mode (i.e., non-premixed) and studied various
characteristics of such fire plumes. He described three different regimes in such a fire plume:

(1) The continuous flame region begins slightly above the base of the fire, where the
temperatures are constant and slightly below 900 °C (1,652 °F).

(2) The intermittent flame region is above the continuous flame region. Here the temperatures
drop as a function of distance up the plume. The visible flame tips have a temperature of
about 320 °C (608 °F).

(3) The thermal plume region is beyond the flame tips, where no more flames are visible and
the temperature continues to drop as height increases away from the flame.

French researchers at the University of Poitiers recently made the same types of measurements
(Audoin et al., 1995) and reported numerical values indistinguishable from McCaffreys (Cox and
Chitty, 1980). The French researchers measured similar plumes and obtained very similar results
of a temperature of 900 °C (1,652 °F) in the continuous flame region, and a temperature of around
340 °C (644 °F) at the flame tips.

Taking all of the above information into account, it appears that flame tip temperatures for turbulent
diffusion flames should be estimated as being around 320 to 400 °C (608 to 752 °F). For small
flames (less than about 1 m base diameter), continuous flame region temperatures of around
900 °C (1,652 °F) should be expected. For large pools, the latter value can rise to

1,100 to 1,200 °C (2,012 to 2,192 °F).
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3.4.5 Flame Temperatures in Room Fires

The fire science community generally agrees that flashover is reached when the average upper gas
temperature in the room exceeds 600 °C (1,112 °F). There will be zones with flame temperature
of 900 °C (1,652 °F), but wide spatial variations will be seen. Of interest, however, is the peak fire
temperature normally associated with room fires. This peak value is governed by ventilation and
fuel supply characteristics. As a result of these variables, peak fire temperature values will form
a wide frequency distribution (Babrauskas and Williamson, 1979). The maximum value is around
1,200 °C (2,192 °F), although a typical post-flashover room fire will more commonly have a peak
temperature of 900 to 1,000 °C (1,652 to 1,832 °F). The time-temperature curve (TTC) for the
standard fire endurance test (ASTM E119) extends to 1,260 °C (2,300 °F), as is reached in

8 hours. Note that no jurisdiction demands fire endurance periods of more than 4 hours, at which
time the curve only reaches 1,093 °C (1,999 °F).

The peak temperatures expected in room fires are slightly greater than those found in free-burning
open flames. Heatlosses from the flame determine how far below the adiabatic flame temperature
the actual temperature will be?. When a flame is far away from any walls and does not heat the
enclosure, it radiates to surroundings which are typically at a starting temperature of 20 °C (68 °F).
If the flame is large enough, or the room small enough, for the walls to heat up substantially, the
flame exchanges radiation with a body that is several hundred degrees Celsius; the consequence
is smaller heat losses leading to a higher flame temperature.

3.4.6 Adiabatic Flame Temperature

Adiabatic means without losing heat. Thus, adiabatic flame temperatures would be achieved in a
(theoretical) combustion system in which there are no heat losses and, hence, no radiation losses
from the flame. Because this cannot be achieved in practice (given the inefficiencies of
combustion) and is never achieved in a fire situation, adiabatic flame temperatures are calculated
values, which are usually given in textbooks.

The amount of energy or heat released from the combustion reaction of fuel and air (or oxygen)
is the heat of combustion. If all of the energy released by this chemical reaction were used to raise
the temperature of the products (CO,, H,O, and N,) with no heat losses, the resultant temperature
would be the adiabatic flame temperature, which represents the maximum possible theoretical
temperature for a particular fuel/oxidant combustion. Table 3-6 gives adiabatic flame temperatures
for a variety of fuels. Remember from the earlier discussion, a given fuel will always have a higher
adiabatic flame temperature when burned in pure oxygen than it will when burned in normal air
(21-percent oxygen). This is because the heat of combustion must be used to raise the
temperature of the nitrogen in air and, therefore, does not contribute to the energy release.

Adiabatic flame temperature is defined as the flame temperature with no heat loss.
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Table 3-6. Adiabatic Flame Temperatures of Selected Fuels
Fuel Source Adiabatic Flame Temperature
K(°C) (°F)
Hydrogen (H,) 2,525 (2,252) (4,085)
Carbon Monoxide (CO) 2,660 (2,387) (4,329)
Methane (CH,) 1,446 (1,173) (2,143)
Ethane (C,Hg) 1,502 (1,129) (2,064)
Ethylene (C,H,) 2,565 (2,289) (4,152)
Acetylene (C,H,) 2,910 (1,281) (2,338)
Propane (C,H,) 1,554 (2,117) (3,843)
Propylene (C;Hy) 2,505 (2,232) (4,050)
n-Butane (n-C,H,,) 1,612 (1,339) (2,442)
n-Octane (n-CgH,) 1,632 (1,359) (2,478)
n-Heptane 1,692 (1,419) (2,586)
n-Pentane 1,564 (1,291) (2,356)

The energy required to raise the temperature of the combustion products is determined by the
mass of the products, their heat capacities, and the difference between the initial and final
temperatures. Specific heat is defined as the amount of energy required to raise the temperature
of a given amount of product 1 °C (or K).

3.4.7 Temperatures of Objects

It is common practice for investigators to assume that an object next to a flame of a certain
temperature will also be of that same temperature. This assumption is not entirely accurate. If a
flame is exchanging heat with an object that was initially at room temperature, it will take a finite
amount of time for the temperature of that object to increase to a value similar to that of the flame.
Exactly how long this will take is a question for the study of heat transfer, which is usually
presented to engineering students over several semesters of university classes. It should be clear
that simple rules-of-thumb for first order approximations would not be expected. Here, we will
merely point out that the rate at which target objects gain heat is largely governed by their, size,
density, and thermal conductivity. Small, low-density, low-conductivity objects will heat much faster
than massive, dense, highly conductive objects.

3.4.8 Flame Height Calculations

The height of a flame is a significant indicator of the hazard posed by the flame. Flame height
directly relates to flame heat transfer and the propensity of the flame to impact surrounding objects.
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As a plume of hot gases rises above a flame, the temperature, velocity, and width of the plume
changes as the plume mixes with its surroundings. The size (height) and temperature of the flame
are important in estimating the ignition of adjacent combustibles. Figure 3-10 shows a
characteristic sketch of the flame height fluctuations associated with the highly intermittent pulsing
structure of a flame, particularly along its perimeter and near its top. This intermittency is driven
largely by the turbulent mixing of air and subsequent combustion, and the pulsing behavior, in turns
affects the temperature of the flame. Thus, as previously discussed, the temperature at a fixed
position fluctuates widely, particularly around the edges and near the top of the flame. This is why
flame temperature is usually reported in terms of the centerline temperature or average flame
temperature.

Researchers define flame height as the height at which the flame is observed at least 50-percent
of the time. Above the fuel source, the flaming region is characterized by high temperature and
is generally luminous. Flames from pool fires fluctuate periodically so that the tip of the flame is
significantly different from the length of the continuous combustion (or luminous) region.
Consequently, flame height has been defined by various criteria in order to correlate data.

The flame height is an important quantitative characteristic of a fire and may affect fire detection
and suppression system design, fire heating of building structures, smoke filling rates, and fire
ventilation. Flame height typically depends on whether the flame is laminar or turbulent. In general
laminar flames are short, while turbulent flames are tall. The following two correlations are widely
used to determine the flame height of pool fires (Heskestad, 1995 and Thomas, 1962) respectively:

2
H, = 0235Q°% —1.02D (3-6)
Where:
H; = flame height (m)
Q = heat release rate of the fire (kW)
D = diameter of the fire (m)

0.61
0

H‘ 42D(pan_D ) (3-7)
Where:

H; = flame height (m)

D = diameter of the fire (m)

m” = burning or mass loss rate per unit area per unit time (kg/m*-sec)

p, = ambient air density (kg/m?)

g = gravitational acceleration (m/sec?)

The above correlations can also be used to determine the length of the flame extension along the
ceiling and to estimate radiative heat transfer to objects in the enclosure.

The HRR of the fire can be determined by laboratory or field testing. In the absence of
experimental data, the maximum HRR for the fire (Q) is given by the following equation:
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Figure 3-10 Characteristics of Flame Height Fluctuations
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Q =m"AH,

c,e

A (3-8)
Where:
m” = burning or mass loss rate per unit area per unit time (kg/m?sec)

AH, . = effective heat of combustion (kJ/kg)
A; = horizontal burning area of the fuel (m?)

For non-circular pools, the effective diameter is defined as the diameter of a circular pool with an
area equal to the actual pool area given by the following equation:

4A,
T

D= (3-9)

Where:
A is the surface area of the non-circular pool

3.5 Assumptions and Limitations

The methods discussed in this chapter are subject to several assumptions and limitations that apply
to HRR:

(1) The pool fire is burning in the open and is characterized by instantaneous, complete
involvement of the flammable/combustible liquid.

(2) There is no fire growth period. (Real liquid pool fires grow very quickly, and it is realistic to
assume that the pool fire instantaneously reaches its maximum HRR.)

In addition, the following assumptions and limitations apply to burning duration:

(1) The pool is circular or nearly circular and contains a fixed mass or volume of
flammable/combustible liquid. The mass or volume of any spill with a non-circular
circumference must be approximated as a circular measurement. For example an
accidental fuel is ignited in a pump room and causes cable trays to be exposed to a pool
fire. The spill area is a rectangular dike with dimensions of 4-ft x 5-ft.

The equivalent diameter of the pool fire is given by Equation 3-9:

4A¢
T

D=

Where:
A; = the surface area of noncircular pool

Therefore, the equivalent diameter of the non-circular pool is as follows:

D= [4x20 — 5t
T
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(2)

There is no fire growth period. (As stated above, real liquid pool fires grow very quickly,
and it is realistic to assume that the pool fire instantaneously reaches its maximum HRR.)

In addition, the following assumptions and limitations apply to flame height:

(1)

(4)

3.6

The flame height correlation described in this chapter was developed for horizontal pool fire
sources in the center or away from the center of the compartment. The turbulent diffusion
flames produced by fires burning near or close to a wall or in a corner configuration of a
compartment effect the spread of the fire. The flame height correlations of fires burning
near walls and corners is presented in Chapter 4.

The size of the fire (flame height) depends on the diameter of the fuel and the HRR
attributable to the combustion.

This correlation is developed for two-dimensional sources (primarily pool fires) and this
method assumes that the pool is circular or nearly circular.

There is no fire growth period. (As stated above, real liquid pool fires grow very quickly,
and it is realistic to assume that the pool fire instantaneously reaches its maximum HRR.)

Required Input for Spreadsheet Calculations

The user must obtain the following values before attempting a calculation using the characteristics
of liquid pool fire spreadsheet:

(1)
(2)
(3)
3.7
(1)
(2)
3.8

fuel spill volume (gallons)

fuel spill area or dike area (ft?)

fuel type

Cautions

Use (HRR_Flame_Height_Burning_Duration_Calculation.xls) spreadsheet on the CD-ROM.
Make sure to enter the input parameters in the correct units.

Summary

An engineering approach to pool fire burning characterization requires a classification according
to the dominant heat transfer mechanism, which can be expressed as being dependent on pool
diameter. The pool shall include fires resulting from spilled liquids, fires in diked or curbed areas,
and fires in open areas. These fires will be typically considered to be circular.

Estimating the burning duration of a pool fire involves the following steps:
(1) Determine the regression rate of the pool fire.

(2) Calculate the equivalent diameter of the pool fire.
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(3) Calculate the burning duration of the pool fire.
The flame height is generally defined as the height at which (or above which) the flame is observed
at least 50-percent of the time. Visual observations tend to yield slight overestimations of flame
height.

Estimating the flame height from a pool fire involves the following steps:

(1) Determine the HRR of the pool fire.

(2) Calculate the equivalent diameter of the pool fire.

(3) Determine the height of the pool fire flame.
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3.11  Problems
Example Problem 3.10-1

Problem Statement

A pool fire scenario arises from a breach (leak or rupture) in an auxiliary cooling water pump oil
tank. This event allows the fuel contents of the pump to spill spread over the compartment floor.
A 5 gallon, 9.0 ft? surface area spill of flammable liquid (lubricating oil) leads to consideration of a
pool fire in a compartment with a concrete floor. The fuel is ignited and spreads rapidly over the
surface, reaching steady burning almost instantly. Compute the HRR, burning duration, and flame
height of the pool fire. The dimensions of the compartment are 15 ft wide x 15 ft deep x 10 ft
heigh. The cable tray is located 8 ft above the pool fire. Determine whether the flame will impinge
upon the cable tray. Assume instantaneous and complete involvement of the liquid pool with no
fire growth and no intervention by the plant fire department or automatic suppression systems.

4 W= 151t —»I

I
|
I lc =151t
|
M |
8t '
I
V_.\\_J
i he = 101t
Wo=5gal
Agike= 9 L . :
-~ Qil Spill N
. Example Problem 3-1: Compartment with Pool Fire
Solution
Purpose:

(1) Determine the Heat Release Rate (HRR) of the fire source.
(2) Determine the burning duration of the pool fire.
(3) Determine the flame height of the pool fire .
(4) Determine whether the flame will impinge upon the cable tray.
Assumptions:
(1) Instantaneous and complete involvement of the liquid in the pool fire
2) The pool fire is burning in the open
3) No fire growth period (instantaneous HRR,,,,)
4) The pool is circular or nearly circular and contains a fixed mass of liquid volume
5) The fire is located at the center of the compartment or away from the walls

(
(
(
(
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Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) HRR_Flame_Height_Burning_Duration_Calculations.xls
FDT® Input Parameter:
-Fuel spill volume (V) = 5 gallons
-Fuel Spill Area or Dike Area (Agy.) = 9.0 ft?
-Select Fuel Type: Lube Oil

Results*
Heat Release Rate | Burning Pool Fire Flame Height (H;)
(HRR) O Duration (t,) m (ft)
kW (Btu/sec) (min.) Method of | Method of
Heskestad Thomas
1,500 (1422) 7.5 3.40 (11.0) 2.47 (9.0)

*see spreadsheet on next page

Both methods for pool fire flame height estimation show that pool fire flame will impinge upon
the cable tray.
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Spreadsheet Calculations

CHAPTER 3 - METHOD OF ESTIMATING THE HEAT RELEASE RATE, BURNING
DURATION, AND FLAME HEIGHT FOR A LIQUID POOL FIRE

The following calculations estimate the heat release rate, burning duration, and flame height for liquid pool fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).

The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS

Fuel Spill Volume (V) 5.00|gallons 0.0189 m*®
Fuel Spill Area or Dike Area (Adye) 9.00]ft* 0.836 m*
Mass Burning Rate of Fuel (m" 0.039]kg/m’-sec
Effective Heat of Combustion of Fuel (AH; e) 46000|kJ/kg
Fuel Density (p) 760]kg/m®
Gravitational Acceleration (g) 9.81 misec?
Ambient Air Density (p.) 1.20 kg/m®
THERMAL PROPERTIES DATA Select Fuel Tvpe
BURNING RATE DATA FOR LIQUID HYDROCARBON FUELS | Lube Oil
Fuel Mass Burning Rate Heat of Combustion Density Scroll to desired fuel type
m" (kg/m*sec) AHg e (kJ/kg) p (kg/m®) Click on selection
Methanol 0.017 20,000 796
Ethanol 0.015 26,800 794
Butane 0.078 45,700 573
Benzene 0.085 40,100 874
Hexane 0.074 44,700 650
Heptane 0.101 44,600 675
Xylene 0.09 40,800 870
Acetone 0.041 25,800 791
Dioxane 0.018 26,200 1035
Diethy Ether 0.085 34,200 714
Benzine 0.048 44,700 740
Gasoline 0.055 43,700 740
Kerosine 0.039 43,200 820
Diesel 0.045 44,400 918
JP-4 0.051 43,500 760
JP-5 0.054 43,000 810
Transformer QOil, Hydrocarbon 0.039 46,000 760
Fuel Oil, Heavy 0.035 39,700 970
Crude Oil 0.0335 42,600 855
Lube Oil 0.039 46,000 760

Reference: SFPE Handbook of Fire Protection Engineering , 2" Edition, 1995, Page 3-2.

ESTIMATING POOL FIRE HEAT RELEASE RATE

Reference: SFPE Handbook of Fire Protection Engineering , 2" Edition, 1995, Page 3-4.

Q = m"AH; ¢t A

Where Q = pool fire heat release rate (kW)
m" = mass burning rate of fuel per unit surface area (kg/mz-sec)
AH, o = effective heat of combustion of fuel (kJ/kg)

As= Agike = surface area of pool fire (area involved in vaporization) (mz)
Heat Release Rate Calculation  (Liquids with relatively high flash point, like transformer oil, require

Q =m"AH; A¢ localized heating to achieve ignition)
Q= 1500.01 kW 1421.74 BTU/sec ANSWER
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ESTIMATING POOL FIRE BURNING DURATION

Reference: SFPE Handbook of Fire Protection Engineering , 2" Edition, 1995, Page 3-197.

tp = 4V/rD?v

Where t, = burning duration of pool fire (sec)
V = volume of liquid (m®)
D = pool diameter (m)
v = regression rate (m/sec)

Pool Fire Diameter Calculation

Age=  mDY4
D= V(@Asiel )
D= 1.032 m

Calculation for Regression Rate

v= m"p

Where m" = mass burning rate of fuel (kg/mz-sec)
p = liquid fuel density (kg/m®)

v= 0.000051 m/sec

Burning Duration Calculation
ty = 4V/rD?v
t,= 441.12 sec 7.35 minutes ANSWER

Note that a liquid pool fire with a given amount of fuel can burn for long periods of time over small area or for
short periods of time over a large area.

ESTIMATING POOL FIRE FLAME HEIGHT
METHOD OF HESKESTAD

Reference: SFPE Handbook of Fire Protection Engineering , 2" Edition, 1995, Page 2-10.

H;=0.235 Q**-1.02 D

Where Hs = pool fire flame height (m)
Q = pool fire heat release rate (kW)
D = pool fire diameter (m)

Pool Fire Flame Height Calculation
H¢=0.235 Q**-1.02 D
H¢= 333 m 10.92 ft ANSWER

METHOD OF THOMAS

Reference: SFPE Handbook of Fire Protection Engineering , 2" Edition, 1995, Page 3-204.
Hy=42D (m"/p, v(g D))**'
Where Hi = pool fire flame height (m)

m" = mass burning rate of fuel per unit surface area (kg/mz-sec)

pa = ambient air density (kg/ma)

D = pool fire diameter (m)

g = gravitational acceleration (mlsecz)

Pool Fire Flame Height Calculation

He= 42 D (m"/pa v(g D))*®'

H¢= 2.65m 8.68 ft ANSWER

NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2m Edition, 1995.

Calculations are based on certain assumptions and have inherent limitations. The results
of such calculations may or may not have reasonable predictive capabilities for a given
situation, and should only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand
calculation, there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the
spreadsheets, please send an email to nxi@nrc.gov.

NHira of Nurlaar Raantnr Ranulatinn
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Example Problem 3.10-2
Problem Statement

A standby diesel generator (SBDG) room in a power plant has a 3-gallon spill of diesel fuel over
a 1 ft? diked area. This event allows the diesel fuel to form a pool. The diesel is ignited and fire
spreads rapidly over the surface, reaching steady burning almost instantly. Compute the HRR,
burning duration, and flame height of the pool fire. The dimensions of the compartment are 10 ft
wide x 12 ft deep x 12 ft high. The cable tray is located 10 ft above the pool fire. Determine
whether flame will impinge upon the cable tray. Also determine the minimum area required of the
pool fire for the flame to impinge upon the cable tray. Assume instantaneous, complete
involvement of the liquid pool with no fire growth and no intervention by plant fire department or
automatic suppression.

' we= 10Tt —»I
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Qil Spill N
Example Problem 3-2: Compartment with Pool Fire
Solution
Purpose:

(1) Determine the Heat Release Rate (HRR) of the fire source.
(2) Determine the burning duration of the pool fire.
(3) Determine the flame height of the pool fire.
(4) Determine whether the flame will impinge upon the cable tray.
(5) Determine the minimum dike area required for the flame to impinge upon the cable tray.
Assumptions:
(1) Instantaneous and complete involvement of the liquid in the pool fire
2) The pool fire is burning in the open
3) No fire growth period (instantaneous HRR,,,,)
4) The pool is circular or nearly circular and contains a fixed mass of liquid volume
5) The fire is located at the center of the compartment or away from the walls

(
(
(
(
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Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) HRR_Flame_Height_Burning_Duration_Calculations.xls
FDTs Input Parameter:
-Fuel spill volume (V) = 3 gallons
-Fuel Spill Area or Dike Area (Agy.) = 1.0 ft?
-Select Fuel Type: Diesel

Results*
Heat Release Rate | Burning Pool Fire Flame Height (H;)
(HRR) O Duration (t,) m (ft)
kW (Btu/sec) (min.) Method of | Method of
Heskestad Thomas
186 (176) 42.5 1.52 (5.0) 1.4 (4.5)

*see spreadsheet on next page

Both methods for pool fire flame height estimation show that pool fire flame will not impinge the
cable tray.

To determine the minimum dike area required for the flame to impinge upon the cable tray, we
have to substitute different values of area on the spreadsheet until obtain a flame height value
of 10 ft (cable tray height). We just need to keep the input values used for the previous results
and change only the area value. This trial and error procedure is shown in the following table.

Trial | Agice Pool Fire Flame Height (H;)
(ft?) m (ft)
Method of Heskestad Method of Thomas
1 4 2.6 (8.5) 2.13 (7.0)
2 5 2.9 (9.5) 2.45 (8.0)
3 6 3.04 (10.0) 2.6 (8.5)
4 6.1 3.04 (10.0) 2.6 (8.5)

To be conservative, we are going to consider the method that get first the 10 ft flame height.
The method of Heskestad tells that the pool fire flame will impinge upon the cable tray if the
dike area is 6.1 ft%. For practical purpose, we could say that a spill pool area around 5-6 ft?
would be a risk for the cable tray integrity.
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Spreadsheet Calculations

CHAPTER 3 - METHOD OF ESTIMATING THE HEAT RELEASE RATE, BURNING
DURATION, AND FLAME HEIGHT FOR A LIQUID POOL FIRE

The following calculations estimate the heat release rate, burning duration, and flame height for liquid pool fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).

The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS

Fuel Spill Volume (V)
Fuel Spill Area or Dike Area (Agike)
Mass Burning Rate of Fuel (m")

Effective Heat of Combustion of Fuel (AH; ¢f)

3.00]gallons 0.0114 m®

1.00|ft* 0.093 M

0.045|kg/m*-sec

44400|kJ/kg

Fuel Density (p) 918]kg/m®

Gravitational Acceleration (g) 9.81 misec?

Ambient Air Density (pa) 1.20 kg/m®

THERMAL PROPERTIES DATA Select Fuel Type
BURNING RATE DATA FOR LIQUID HYDROCARBON FUELS | Diesel
Fuel Mass Burning Rate Heat of Combustion Density
m" (kg/m*sec) AHgefr (kJ/kg) o (kg/m®) Click on selection

Methanol 0.017 20,000 796

Ethanol 0.015 26,800 794

Butane 0.078 45,700 573

Benzene 0.085 40,100 874

Hexane 0.074 44,700 650

Heptane 0.101 44,600 675

Xylene 0.09 40,800 870

Acetone 0.041 25,800 791

Dioxane 0.018 26,200 1035

Diethy Ether 0.085 34,200 714

Benzine 0.048 44,700 740

Gasoline 0.055 43,700 740

Kerosine 0.039 43,200 820

Diesel 0.045 44,400 918

JP-4 0.051 43,500 760

JP-5 0.054 43,000 810

Transformer Oil, Hydrocarbon 0.039 46,000 760

Fuel Oil, Heavy 0.035 39,700 970

Crude Oil 0.0335 42,600 855

Lube Oil 0.039 46,000 760

Reference: SFPE Handbook of Fire Protection Engineering , 2" Edition, 1995, Page 3-2.

ESTIMATING POOL FIRE HEAT RELEASE RATE

Reference: SFPE Handbook of Fire Protection Engineering , 2™ Edition, 1995, Page 3-4.

Q = m"AH, ¢ A¢

Where Q = pool fire heat release rate (kW)
m" = mass burning rate of fuel per unit surface area (kg/mz-sec)
AH, ¢ = effective heat of combustion of fuel (kJ/kg)

As= Agike = surface area of pool fire (area involved in vaporization) (m2)

Heat Release Rate Calculation  (Liquids with relatively high flash point, like transformer oil, require

Q = m"AH, A
Q= 185.62 kW

localized heating to achieve ignition)

175.93 BTU/sec ANSWER
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ESTIMATING POOL FIRE BURNING DURATION

Reference: SFPE Handbook of Fire Protection Engineering , 2™ Edition, 1995, Page 3-197.

t, = 4V/nDv

Where t, = burning duration of pool fire (sec)
V = volume of liquid (m3)
D = pool diameter (m)
v = regression rate (m/sec)

Pool Fire Diameter Calculation

Agie=  7D/4
D= V(4AdielT)
D= 0.344 m

Calculation for Regression Rate

V= m"/p

Where m" = mass burning rate of fuel (kg/mz—sec)
p = liquid fuel density (kg/m°)

v= 0.000049 m/sec

Burning Duration Calculation
t, = 4V/nD?v
t,= 2493.65 sec 41.56 minutes ANSWER

Note that a liquid pool fire with a given amount of fuel can burn for long periods of time over small area or for
short periods of time over a large area.

ESTIMATING POOL FIRE FLAME HEIGHT
METHOD OF HESKESTAD

Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 2-10.

He=0.235 Q*°-1.02 D

Where Hs = pool fire flame height (m)
Q = pool fire heat release rate (kW)
D = pool fire diameter (m)

Pool Fire Flame Height Calculation
Hr=0.235Q"°- 1.02D
H,= 1.55 m 5.08 ft ANSWER

METHOD OF THOMAS

Reference: SFPE Handbook of Fire Protection Engineering , 2™ Edition, 1995, Page 3-204.

Hr= 42 D (m"/pa v(g D))*®'
Where Hs = pool fire flame height (m)
m" = mass burning rate of fuel per unit surface area (kg/mz—sec)
pa = ambient air density (kg/m3)
D = pool fire diameter (m)
g = gravitational acceleration (m/secz)

Pool Fire Flame Height Calculation

He= 42 D (m"/p, v(g D))*®'

Hi= 1.35m 4.41 ft ANSWER

NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2 Edition, 1995.

Calculations are based on certain assumptions and have inherent limitations. The results
of such calculations may or may not have reasonable predictive capabilities for a given
situation, and should only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand
calculation, there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the
spreadsheets, please send an email to nxi@nrc.gov.

NRR:-

Office of Nuclear Reactor Requlation
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Example Problem 3.10-3

Problem Statement

In one NPP, it was important to determine whether a fire involving a 4-gallon spill of lubricating oil
from an auxiliary feed water (AFW) pump could cause damage to an unprotected electrical cable
pull box and cable trays. The unprotected pull box and cable trays were located 10 ft and 8 ft above
the AFW pump, respectively. The pump room had a floor area of 20 ft x 20 ft and a ceiling height
of 15 ft with a vent opening of 5 ft x 15 ft. Compute the HRR, burning duration, and flame height
of the pool fire with a diameter of 4 ft. The lowest cable tray is located 8 ft above the pool.
Determine whether flame will impinge upon the cable tray or cable pull box. Assume instantaneous,
complete involvement of the liquid pool with no fire growth and no intervention by the plant fire
department or automatic suppression systems.

Unprotected
Cahle Box

% I XXXIEY) CBb|€TFE§"y’S

—

101t 5ft

8ft

Example 3-3: Compartment with Pool Fire

Solution
Purpose:

(1) Determine the Heat Release Rate (HRR) of the fire source.

(2) Determine the burning duration of the pool fire.

(3) Determine the flame height of the pool fire.

(4) Determine whether the flame will impinge upon the cable tray or cable pull box.

Assumptions:

(1) Instantaneous and complete involvement of the liquid in the pool fire

2) The pool fire is burning in the open

3) No fire growth period (instantaneous HRR,,,,)

4) The pool is circular or nearly circular and contains a fixed mass of liquid volume
5) The fire is located at the center of the compartment or away from the walls

(
(
(
(
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Pre FDT® Calculations:

The input parameters of the FDT assigned for this problem are the fuel spill volume, dike area
and fuel material. As we can see, the problem statement does not give the dike area but the
pool diameter is given. The dike area can be obtained from the formula of the area of a circle,
since we assume that the pool has circular shape.

T .2 T 2 2
A, =—D"=—(4 ft)" =1256 ft
dike 4 4( )

Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) HRR_Flame_Height_Burning_Duration_Calculations.xls
FDTs Inputs: (for both spreadsheets)
-Fuel Spill Volume (V) = 4 gallons
-Fuel Spill Area or Dike Area (Ayy.) = 12.56 ft?
-Select Fuel Type: Lube Oil

Results*
Heat Release Rate | Burning Pool Fire Flame Height (H;)
(HRR) O Duration (t,) m (ft)
kW (Btu/sec) (min.) Method of Method of
Heskestad Thomas
2,093 (1,984) 4.5 3.8 (12.5) 3.04 (10.0)

*see spreadsheet on next page

Both methods for pool fire flame height estimation show that pool fire flame will impinge upon the
cable tray and cable pull box.
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Spreadsheet Calculations

CHAPTER 3 - METHOD OF ESTIMATING THE HEAT RELEASE RATE, BURNING
DURATION, AND FLAME HEIGHT FOR A LIQUID POOL FIRE

The following calculations estimate the heat release rate, burning duration, and flame height for liquid pool fire.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).

The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS
Fuel Spill Volume (V) 4.00]gallons 0.0151 m®
Fuel Spill Area or Dike Area (Adie) 12.56|ft* 1.167 M’
Mass Burning Rate of Fuel (m") 0.039]kg/m*-sec
Effective Heat of Combustion of Fuel (AH; ) 46000 (kJ/kg
Fuel Density (p) 760]kg/m®
Gravitational Acceleration (g) 9.81 misec?
Ambient Air Density (pa) 1.20 kg/m®
THERMAL PROPERTIES DATA Select Fuel Tvpe
BURNING RATE DATA FOR LIQUID HYDROCARBON FUELS | Lube Oil j
Fuel Mass Burning Rate Heat of Combustion Density Scroll to desired fuel type then
m" (kg/m*sec) AHg efr (kJ/kg) o (kg/m®) Click on selection
Methanol 0.017 20,000 796
Ethanol 0.015 26,800 794
Butane 0.078 45,700 573
Benzene 0.085 40,100 874
Hexane 0.074 44,700 650
Heptane 0.101 44,600 675
Xylene 0.09 40,800 870
Acetone 0.041 25,800 791
Dioxane 0.018 26,200 1035
Diethy Ether 0.085 34,200 714
Benzine 0.048 44,700 740
Gasoline 0.055 43,700 740
Kerosine 0.039 43,200 820
Diesel 0.045 44,400 918
JP-4 0.051 43,500 760
JP-5 0.054 43,000 810
Transformer Qil, Hydrocarbon 0.039 46,000 760
Fuel Oil, Heavy 0.035 39,700 970
Crude Oil 0.0335 42,600 855
Lube Oil 0.039 46,000 760

Reference: SFPE Handbook of Fire Protection Engineering , 2" Edition, 1995, Page 3-2.

ESTIMATING POOL FIRE HEAT RELEASE RATE

Reference: SFPE Handbook of Fire Protection Engineering , 2™ Edition, 1995, Page 3-4.

Q = m"AH, ¢t As

Where Q = pool fire heat release rate (kW)
m" = mass burning rate of fuel per unit surface area (kg/m2-sec)
AH, ¢ = effective heat of combustion of fuel (kJ/kg)

Ar= Agie = surface area of pool fire (area involved in vaporization) (m?)
Heat Release Rate Calculation  (Liquids with relatively high flash point, like transformer oil, require

Q = m"AH: A¢ localized heating to achieve ignition)
Q= 2093.35 kW 1984.12 BTU/sec ANSWER
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ESTIMATING POOL FIRE BURNING DURATION

Reference: SFPE Handbook of Fire Protection Engineering , 2" Edition, 1995, Page 3-197.

t, = 4V/nD%v

Where t, = burning duration of pool fire (sec)
V = volume of liquid (m3)
D = pool diameter (m)
v = regression rate (m/sec)

Pool Fire Diameter Calculation

Age=  7DY4
D= V(4Agie/T)
D= 1.219 m

Calculation for Regression Rate

v= m"/p

Where m" = mass burning rate of fuel (kg/mz—sec)
p = liquid fuel density (kg/m®)

v= 0.000051 m/sec

Burning Duration Calculation
t, = 4V/nD?v
t,= 252.87 sec 4.21 minutes ANSWER

Note that a liquid pool fire with a given amount of fuel can burn for long periods of time over small area or for
short periods of time over a large area.

ESTIMATING POOL FIRE FLAME HEIGHT
METHOD OF HESKESTAD

Reference: SFPE Handbook of Fire Protection Engineering , 2nd Edition, 1995, Page 2-10.

Hi=0.235 Q**-1.02D
Where Hs = pool fire flame height (m)

Q = pool fire heat release rate (kW)
D = pool fire diameter (m)

Pool Fire Flame Height Calculation
Hi=0.235Q”°-1.02D
H¢= 3.76 m 12.34 ft ANSWER

METHOD OF THOMAS

Reference: SFPE Handbook of Fire Protection Engineering , 2™ Edition, 1995, Page 3-204.

Hi= 42 D (m"/pa v(g D))*®"
Where Hs = pool fire flame height (m)
m" = mass burning rate of fuel per unit surface area (kg/mz—sec)
pa = ambient air density (kg/m3)
D = pool fire diameter (m)
g = gravitational acceleration (m/secz)

Pool Fire Flame Height Calculation

H;= 42 D (m"/p, v(g D))**'

H,= 297 m 9.74 ft ANSWER

NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2 Edition, 1995.

Calculations are based on certain assumptions and have inherent limitations. The results
of such calculations may or may not have reasonable predictive capabilities for a given
situation, and should only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand
calculation, there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the
spreadsheets, please send an email to nxi@nrc.gov.

NRR:--

Office of Nuclear Reactor Regulation
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CHAPTER 4. ESTIMATING WALL FIRE FLAME HEIGHT, LINE FIRE FLAME
HEIGHT AGAINST THE WALL, AND CORNER FIRE
FLAME HEIGHT

4.1 Objectives

This chapter has the following objectives:

° Identify the three regions of a diffusion flame.
° Explain how corners and walls affect flames.
. Define relevant terms, including persistent flame region, intermittent flame region, flame

height, and flame extension.
4.2 Introduction

If a fire is located close to a wall or a corner (i.e., formed by the intersection of two walls), the
resulting restriction on free air entrainment will have a significant effect on fire growth and spread.
The primary impact of walls and corners is to reduce the amount of entrained air available to the
flame or plume. This lengthens flames and causes the temperature in a plume to be higher at a
given elevation than it would be in the open. Remember that the expression for estimating flame
height given in Chapter 3 assumes that the fire source is located away from the walls and corners.

When a diffusion flame develops and is in contact with the wall, its structure can be subdivided into
three regions, which are commonly identified as the persistent flame region, the intermittent flame
region, and the buoyant plume region. As the plume rises to the ceiling, its direction changes from
vertical (upward) to horizontal. Until the point where the flow changes direction, the plume is
primarily driven by buoyancy. Thereafter, the plume is driven by its residual momentum and
becomes a jet, which is referred to as the “ceiling jet”.

The flame heats the wall material with which it comes in contact. The heat flux to the wall is a
function of location and is highest in the persistent flame region. The flame height depends on the
amount of air entrained which, in turn, is proportional to the fuel heat release rate. On occasions,
it may also be necessary to calculate the flame projections against a wall from the spill of
flammable liquid in a trench or flames emerging from a burning electrical cabinet.

4.3 Flame Height Correlations for Walls Fires, Line Fires, and Corner Fires

In a wall flame, the wall-side heat flux appears to be governed by the flame radiation, while the heat
flux in the far field is primarily attributable to convection. This implies that flame height can be a
scaling factor representing the distribution of wall heat transfer. Using the analogy of unconfined
fires, the flame height is expected to depend only on the gross heat release rate of the fuel.

The terms “flame height” and “flame extension” designate the lengths of flame in the vertical and
horizontal directions, respectively. A wall flame generated from a fire located against a wall can
only entrain air from half of its perimeter. Thus, wall flame can be considered to be geometrically
half of an axisymmetric flame and its mass flow rate, in turn, is half of that from an axisymmetric
flame.
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A flame generated from a fire located in a corner of a compartment (typically where the intersecting
walls form a 90° angle) is referred to as corner flame. Corner fires are more severe than wall fires
because of the radiative heat exchange between the two burning walls. However, the physical
phenomena controlling fire growth in corner and wall scenarios are very similar, if not identical.

4.3.1 Wall Fire Flame Height Correlation

Delischatsios (1984) reported by Budnick, Evans, and Nelson (1997) developed a simple
correlation of flame height for elongated fire based on experimental data. Figure 4-1 depicts the
configuration used in developing the correlation for wall flame height. In the following correlation,
the flame height is based on the rate of HRR per unit length of the fire:

2
H, yay = 0.034Q"7 (4-1)

Where:
Hewan = wall flame height (m)
0.034 = entrainment coefficient

Q’ = HRR per unit length of the fire (kW/m)

The above correlation can be used to determine the length of the flame against the wall and to
estimate radiative heat transfer to objects in the enclosure.

4.3.2 Line Fire Flame Height Correlation

Delischatsios (1984) reported by Budnick et. al., (1997) also developed a flame height correlation
for line fires against a wall. Like the wall fire flame height correlation, this correlation is based on
experimental data. The geometry for this case is shown in Figure 4-2. Delischatsios correlation
is expressed by the following equation based on the rate of HRR per unit length of the fire:

2

H(wan Line) = 0.017Q"3 (4-2)

Where:
Hiwai, Liney = line fire flame height (m)
0.017 = entrainment coefficient

Q’ = HRR per unit length of the fire (kW/m)

The above correlation can be used to determine the length of the flame against the wall from a
line fire source and can be used to estimate radiative heat transfer to objects in the enclosure.
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Figure 4-1 Wall Fire Flame Configuration



Hrwall, line)

Figure 4-2 Line Fire Flame Against a Wall
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4.3.3 Corner Fire Flame Height Correlation

A corner fire may be modeled using a pool fire and specifying the center coordinates as the apex
of the corner. At the start of the fire, a diffusion flame develops and makes contact with the walls.
As flames spread along the intersection of wall and ceiling, they eventually reach another corner.
With a noncombustible ceiling, flames also spread downward. By contrast, with a combustible wall,
the heat transfer between two walls in contact with the fire source results in a much more rapid fire
spread. Figure 4-3 depicts the configuration used in developing the corner flame height correlation

from experimental data. Hesemiand Tokunaga (1983 and 1984) suggest the following expression,
based on the correlation of an extensive number of fire tests:

3
Hf(Comer) = 0075Q§ (4-3)
Where:

Hicomen = corner fire flame height (m)
0.075 = entrainment coefficient

Q = HRR of the fire (kW)

The above correlation can be used to determine the length of the flame against the intersection of
two walls and to estimate radiative heat transfer to objects in the enclosure.

44 Assumptions and Limitations

The methods discussed in this chapter are subject to several assumptions and limitations.
(1) This method includes correlations for flame height for flammable solid and liquid fire.
(2) The size of the fire (flame height) depends on the length of the fire.

(3) This correlation is developed for two-dimensional sources.

(4) The turbulent diffusion flames produced by fires burning near or close to a wall
configuration of a compartment effect the spread of the fire.

(5) Air is entrained only from one side during the combustion process.
4.5 Required Input for Spreadsheet Calculations

The user must obtain the following information to use the spreadsheet:
(1) fuel type (material)

(2) fuel spill volume (gallons)

(3)  fuel spill area (ft?)
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Hf(corner)

Fire Source

Figure 4-3 Corner Fire Flame Configuration
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4.6 Cautions

(1) Use (Wall_Flame_Height.xls, Wall_Line_Flame_Height.xls, and Corner_Flame_Height.xIs)
spreadsheet on the CD-ROM for wall fire flame height, line fire flame height and corner fire
flame height calculations receptively.

(2) Make sure to enter the input parameters in the correct units.

4.7 Summary

This chapter describes methods of calculating the height of a flame and its buoyant gases when
the fire source is near a wall or a corner. These fire scenarios are often used as idealized
representatives of situations of much greater complexity. The correlations presented were

obtained from laboratory scale fires providing local measurements of gas temperature and velocity
both below and above the flame tips, as well as measurements of visual flame length.
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4.9 Problems
Example Problem 4.9-1
Problem Statement
A pool fire scenario arises from a breach (leak or rupture) in an oil-filled transformer. This event
allows the fuel contents of the transformer to spill 2 gallons along a wall with an area of 9 ft2. A
cable tray is located 8 ft above the fire. Calculate the wall flame height of the fire and determine
whether the flame will impinge upon the cable tray.
Solution
Purpose:
(1) Calculate the wall flame height.
(2) Determine whether the flame will impinge upon the cable tray.
Assumptions:
(1) Air is entrained only from one side during the combustion process
(2) The fire is located at the near or close to a wall configuration of a compartment effect
the spread of the fire
Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) Flame_Height_Calculations.xls (click on Wall_Flame _Height)
FDTs Input Parameters:
-Fuel spill volume (V) = 2 gallons

-Fuel Spill Area or Dike Area (Agy.) = 9.0 ft?
-Select Fuel Type: Transformer Oil, Hydrocarbon

Results*
Fuel Wall Fire Flame Height (Hyy.,) | Cable Tray
m (ft) Impingement
Transformer Oil, | 4.72 (15.5) Yes
Hydrocarbon

*see spreadsheet on next page
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Spreadsheet Calculations

CHAPTER 4 - METHOD OF ESTIMATING WALL FIRE FLAME HEIGHT

The following calculations estimate the wall fire flame height.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS

Fuel Spill Volume (V)

Fuel Spill Area or Dike Area (Agike)

Mass Burning Rate of Fuel (m")
Effective Heat of Combustion of Fuel (AHc ex) 46000|kJ/kg

2.00|gallons
9.00]t*
0.039]kg/m*sec

0.0076 m®
0.836 M’

THERMAL PROPERTIES FOR

BURNING RATE DATA FOR LIQUID HYDROCARBON FUELS

Fuel Mass Burning Rate Heat of Combustion
m" (kg/m®sec) AH, g5 (kJ/kg)
Methanol 0.017 20,000
Ethanol 0.015 26,800
Butane 0.078 45,700
Benzene 0.085 40,100
Hexane 0.074 44,700
Heptane 0.101 44,600
Xylene 0.09 40,800
Acetone 0.041 25,800
Dioxane 0.018 26,200
Diethy Ether 0.085 34,200
Benzine 0.048 44,700
Gasoline 0.055 43,700
Kerosine 0.039 43,200
Diesel 0.045 44,400
JP-4 0.051 43,500
JP-5 0.054 43,000
Transformer Oil, Hydrocarbon 0.039 46,000
Fuel Oil, Heavy 0.035 39,700
Crude Oil 0.034 42,600
Lube Oil 0.039 46,000

Reference: SFPE Handbook of Fire Protection Engineering, 2" Edition, Page 3-2.

Select Fuel Type

| Transformer Oil, Hyj

Scroll to desired fuel type then
Click on selection

Heat Release Rate Calculation

Reference: SFPE Handbook of Fire Protection Engineering , 2n Edition, 1995, Page 3-4.

Q=m"A Hc'effAf

Where Q = pool fire heat release rate (kW)

m" = mass burning rate of fuel per unit surface area (kg/mz-sec)

AH, ¢ = effective heat of combustion of fuel (kJ/kg)
Ar= Agie = surface area of pool fire (area involved in vaporization) (m?)

Q = m"AHA¢

Q= 1500.01

kW

(Liquids with relatively high flash point, like transformer
oil require localized heating to achieve ignition)

1421.74 BTU/sec



Heat Release Rate Per Unit Length of Fire Calculation
Q'=Q/L
Where Q' = heat release rate per unit length (kW/m)
Q = fire heat release rate of the fire (kW)
L = length of the fire source (m)

Fire Source Length Calculation

LxW= Adike

LxW= 0.836 M
L= 0.914 m
Q=aL

Q= 1640.43 kW/m

ESTIMATING WALL FIRE FLAME HEIGHT

Reference: NFPA Fire Protection Handbook , 18" Edition, 1997, Page 11-96.

Hywany = 0.034 Q*°
Where Hiwany = wall fire flame height (m)
Q' = rate of heat release per unit length of the fire (kW/m)

Hywan = 0.034 Q*°
Hywany = 473 m 15.52 ft ANSWER

NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2™ Edition, 1995, and NFPA Fire Protection Handbook, 18" Edition, 1997.
Calculations are based on certain assumptions and have inherent limitations. The results of

such calculations may or may not have reasonable predictive capabilities for a given situation, and
should only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.

NRR:"

Office of Nuclear Reactor Regulation



Example Problem 4.9-2

Problem Statement

A pool fire scenario arises from a transient combustible liquid spill. This event allows the fuel
contents of a 5 gallon can to form along a wall with an area of 15 ft>. A cable tray is located 12 ft
above the fire. Determine the line wall fire flame height and whether the flame will impinge upon
the cable tray if the spilled liquids are (a) diesel, (b) acetone, and (c) methanol.

Solution
Purpose:
(1) Calculate the line wall fire flame height using three transient combustibles.
(2) Determine whether the flame will impinge upon the cable tray in each case.
Assumptions:
(1) Air is entrained only from one side during the combustion process
(2) The fire is located at the near or close to a wall configuration of a compartment effect
the spread of the fire
Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) Flame_Height_Calculations.xls (click on Wall_Line_Flame _Height)
FDT® Input Parameters:
-Fuel spill volume (V) = 5 gallons

-Fuel Spill Area or Dike Area (Ay.) = 15.0 ft?
-Select Fuel Type: Diesel, Acetone, and Methanol

Results*
Fuel Wall Line Fire Height (Hywaiiine) | Cable Tray
m (ft) Impingement
Diesel 3.04 (10.0) No
Acetone 2.0 (6.5) No
Methanol 0.91 (3.0) No

*See spreadsheets on next page
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Spreadsheet Calculations
CHAPTER 4 - METHOD OF ESTIMATING LINE FIRE FLAME HEIGHT AGAINST

THE WALL

The following calculations estimate the line fire flame height against the wall.
Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell's).
The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS

Fuel Spill Volume (V) 5.00
Fuel Spill Area or Dike Area (Aqike) 15.00
Mass Burning Rate of Fuel (m" 0.045
Effective Heat of Combustion of Fuel (AH ex) 44400

gallons

ﬂz
kg/mz-sec
kJ/kg

0.0189 m®
1.394 m’

THERMAL PROPERTIES FOR

BURNING RATE DATA FOR LIQUID HYDROCARBON FUELS

Fuel Mass Burning Rate Heat of Combustion
m" (kg/m*sec) AHq off (kJ/kg)
Methanol 0.017 20,000
Ethanol 0.015 26,800
Butane 0.078 45,700
Benzene 0.085 40,100
Hexane 0.074 44,700
Heptane 0.101 44,600
Xylene 0.09 40,800
Acetone 0.041 25,800
Dioxane 0.018 26,200
Diethy Ether 0.085 34,200
Benzine 0.048 44,700
Gasoline 0.055 43,700
Kerosine 0.039 43,200
Diesel 0.045 44,400
JP-4 0.051 43,500
JP-5 0.054 43,000
Transformer Oil, Hydrocarbon 0.039 46,000
Fuel Oil, Heavy 0.035 39,700
Crude Oil 0.034 42,600
Lube Oil 0.039 46,000

Reference: SFPE Handbook of Fire Protection Engineering, 2" Edition, Page 3-2.

Select Fuel Type

| Diesel j

Scroll to desired fuel type then
Click on selection

Heat Release ﬁate Calculation

Reference: SFPE Handbook of Fire Protection Engineering , 2™ Edition, 1995, Page 3-4.

Q = m"AH erA¢

Where Q = pool fire heat release rate (kW)

m" = mass burning rate of fuel per unit surface area (kg/mz-sec)

AH_ ¢ = effective heat of combustion of fuel (kJ/kg)

As= Agike = surface area of pool fire (area involved in vaporization) (mz)

Q = m"AHA¢

Q= 2784.30 kW

(Liquids with relatively high flash point, like transformer
oil require localized heating to achieve ignition)

2639.02 BTU/sec



Heat Release Rate Per Unit Length of Fire Calculation
Q'=Q/L
Where Q' = heat release rate per unit length (kW/m)
Q = fire heat release rate of the fire (kW)
L = length of the fire source (m)

Fire Source Length Calculation

LxW= Adike

LxW= 1.394 m’
L= 1.180 m
Q=QL

Q'= 2358.61 kW/m

ESTIMATING LINE WALL FIRE FLAME HEIGHT

Reference: NFPA Fire Protection Handbook, 18" Edition, 1997, Page 11-96.

Hf(WaII. Line) = 0.017 Q' 23
Where Hiwany = wall fire flame height (m)
Q' = rate of heat release per unit length of the fire (kW/m)

Hiwal, Liney= 0.017 Q' 2w
Hiwan) = 3.01 m 9.88 ft ANSWER

NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2™ Edition, 1995, and NFPA Fire Protection Handbook, 18" Edition, 1997.
Calculations are based on certain assumptions and have inherent limitations. The results of

such calculations may or may not have reasonable predictive capabilities for a given situation, and
should only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheets,
please send an email to nxi@nrc.gov.
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CHAPTER 4 - METHOD OF ESTIMATING LINE FIRE FLAME HEIGHT AGAINST
THE WALL

The following calculations estimate the line fire flame height against the wall.

Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS

Fuel Spill Volume (V) 5.00|gallons 0.0189 m*
Fuel Spill Area or Dike Area (Aqixe) 15.00]ft* 1.394 M
Mass Burning Rate of Fuel (m" 0.041|kg/m*-sec
Effective Heat of Combustion of Fuel (AH ex) 25800|kJ/kg
THERMAL PROPERTIES FOR Select Fuel Type
BURNING RATE DATA FOR LIQUID HYDROCARBON FUELS | Acetone j
Fuel Mass Burning Rate Heat of Combustion Scroll to desired fuel type then
m" (kg/m”-sec) AHq ot (KJ/kg) Click on selection
Methanol 0.017 20,000
Ethanol 0.015 26,800
Butane 0.078 45,700
Benzene 0.085 40,100
Hexane 0.074 44,700
Heptane 0.101 44,600
Xylene 0.09 40,800
Acetone 0.041 25,800
Dioxane 0.018 26,200
Diethy Ether 0.085 34,200
Benzine 0.048 44,700
Gasoline 0.055 43,700
Kerosine 0.039 43,200
Diesel 0.045 44,400
JP-4 0.051 43,500
JP-5 0.054 43,000
Transformer Oil, Hydrocarbon 0.039 46,000
Fuel Oil, Heavy 0.035 39,700
Crude Oil 0.034 42,600
Lube Oil 0.039 46,000

Reference: SFPE Handbook of Fire Protection Engineering , 2" Edition, Page 3-2.

Heat Release Rate Calculation
Reference: SFPE Handbook of Fire Protection Engineering , 2" Edition, 1995, Page 3-4.

Q= m"AHCveffAf

Where Q = pool fire heat release rate (kW)
m" = mass burning rate of fuel per unit surface area (kg/mz-sec)
AH, ¢ = effective heat of combustion of fuel (kJ/kg)

As= Agie = surface area of pool fire (area involved in vaporization) (mz)

Q = m"AHA; (Liquids with relatively high flash point, like transformer
oil require localized heating to achieve ignition)
Q= 1474.09 kW 1397.17 BTU/sec
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Heat Release Rate Per Unit Length of Fire Calculation
Q' =Q/L
Where Q' = heat release rate per unit length (kW/m)
Q = fire heat release rate of the fire (kW)
L = length of the fire source (m)

Fire Source Length Calculation

Lx W = Agie

LxW= 1.394 m?
L= 1.180 m
Q=aL

Q= 1248.72 kW/m

ESTIMATING LINE WALL FIRE FLAME HEIGHT

Reference: NFPA Fire Protection Handbook , 18™ Edition, 1997, Page 11-96.

Hiwal, Line) = 0.017Q *
Where Hiwany = wall fire flame height (m)
Q' = rate of heat release per unit length of the fire (kW/m)

Hewai, Liney = 0.017 Q' 23
Hiwan) = 1.97 m 6.47 ft ANSWER

NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2™ Edition, 1995, and NFPA Fire Protection Handbook, 18" Edition, 1997.
Calculations are based on certain assumptions and have inherent limitations. The results of

such calculations may or may not have reasonable predictive capabilities for a given situation, and
should only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheets,
please send an email to nxi@nrc.gov.

NRR: -
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CHAPTER 4 - METHOD OF ESTIMATING LINE FIRE FLAME HEIGHT AGAINST
THE WALL

The following calculations estimate the line fire flame height against the wall.

Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS

Fuel Spill Volume (V) 5.00|gallons 0.0189 m®
Fuel Spill Area or Dike Area (Agike) 15.00]ft* 1.394 m°
Mass Burning Rate of Fuel (m" 0.017|kg/m*-sec
Effective Heat of Combustion of Fuel (AH ex) 20000|kJ/kg
THERMAL PROPERTIES FOR Select Fuel Type
BURNING RATE DATA FOR LIQUID HYDROCARBON FUELS | Methanol j
Fuel Mass Burning Rate Heat of Combustion Scroll to desired fuel type then
m" (kg/m’-sec) AHg o (kJ/Kg) Click on selection
Methanol 0.017 20,000
Ethanol 0.015 26,800
Butane 0.078 45,700
Benzene 0.085 40,100
Hexane 0.074 44,700
Heptane 0.101 44,600
Xylene 0.09 40,800
Acetone 0.041 25,800
Dioxane 0.018 26,200
Diethy Ether 0.085 34,200
Benzine 0.048 44,700
Gasoline 0.055 43,700
Kerosine 0.039 43,200
Diesel 0.045 44,400
JP-4 0.051 43,500
JP-5 0.054 43,000
Transformer Oil, Hydrocarbon 0.039 46,000
Fuel Oil, Heavy 0.035 39,700
Crude Oil 0.034 42,600
Lube Oil 0.039 46,000

Reference: SFPE Handbook of Fire Protection Engineering, 2" Edition, Page 3-2.

Heat Release Rate Calculation
Reference: SFPE Handbook of Fire Protection Engineering , 2" Edition, 1995, Page 3-4.

Q= m"AHcleffAf

Where Q = pool fire heat release rate (kW)
m" = mass burning rate of fuel per unit surface area (kg/mz-sec)
AH, ¢ = effective heat of combustion of fuel (kJ/kg)

As= Agie = surface area of pool fire (area involved in vaporization) (mz)

Q = m"AHA; (Liquids with relatively high flash point, like transformer
oil require localized heating to achieve ignition)
Q= 473.81 kW 449.08 BTU/sec
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Heat Release Rate Per Unit Length of Fire Calculation
Q' =QlL
Where Q' = heat release rate per unit length (kW/m)
Q = fire heat release rate of the fire (kW)
L = length of the fire source (m)

Fire Source Length Calculation

Lx W = Agie

LxW= 1.394 m?
L= 1.180 m
Q'=alL

Q= 401.37 kKW/m

ESTIMATING LINE WALL FIRE FLAME HEIGHT

Reference: NFPA Fire Protection Handbook , 18" Edition, 1997, Page 11-96.

Hf(WaII, Line) = 0.017 Q' s
Where Hewany = wall fire flame height (m)
Q' = rate of heat release per unit length of the fire (kW/m)

Hiwai, Liney= 0.017 Q' 23
Hiwan) = 093 m 3.03 ft ANSWER

NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2™ Edition, 1995, and NFPA Fire Protection Handbook, 18" Edition, 1997.
Calculations are based on certain assumptions and have inherent limitations. The results of

such calculations may or may not have reasonable predictive capabilities for a given situation, and
should only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheets,
please send an email to nxi@nrc.gov.

NRR:+"

Office of Nuclear Reactor Regulation



Example Problem 4.9-3
Problem Statement
A pool fire scenario arises from a rupture in a diesel generator fuel line. This event allows diesel
fuel to spill 1.5 gallons along the corner of walls with an area of 10 ft2. An unprotected junction box
is located 12 ft above the fire. Determine whether the flame will impinge upon the junction box.
Solution
Purpose:
(1) Calculate the line wall fire flame height
(2) Determine whether the flame will impinge upon the junction box
Assumptions:
(1) Air is entrained only from one side during the combustion process.
(2) The fire is located at the near or close to a wall configuration of a compartment effect
the spread of the fire.
Spreadsheet (FDT®) Information:
Use the following FDT*:
(a) Flame_Height_Calculations.xls (click on Corner_Flame _Height)
FDTs Input Parameters:
-Fuel spill volume (V) = 1.5 gallons

-Fuel Spill Area or Dike Area (Ay;.) = 10 ft?
-Select Fuel Type: Diesel

Results*
Fuel Corner Fire Flame Height (H;comen) | Junction Box
m (ft) Impingement
Diesel 6.9 (22.5) Yes

*see spreadsheet on next page
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Spreadsheet Calculations
CHAPTER 4 - METHOD OF ESTIMATING CORNER FIRE FLAME HEIGHT

The following calculations estimate the corner fire flame height.

Parameters should be specified ONLY IN THE YELLOW INPUT PARAMETER BOXES.

All subsequent output values are calculated by the spreadsheet and based on values specified in the input
parameters. This spreadsheet is protected and secure to avoid errors due to a wrong entry in a cell(s).
The chapter in the guide should be read before an analysis is made.

INPUT PARAMETERS

Fuel Spill Volume (V) 1.50|gallons 0.0057 m*
Fuel Spill Area or Dike Area (Agike) 10.00]t* 0.929 m
Mass Burning Rate of Fuel (m") 0.045|kg/m*-sec
Effective Heat of Combustion of Fuel (AH ex) 44400|kJ/kg
THERMAL PROPERTIES FOR Select Fuel Type
BURNING RATE DATA FOR LIQUID HYDROCARBON FUELS | Diesel Ll
Fuel Mass Burning Rate Heat of Combustion Scroll to desired fuel type then
m" (kg/m*sec) AHq off (kJ/KG) Click on selection
Methanol 0.017 20,000
Ethanol 0.015 26,800
Butane 0.078 45,700
Benzene 0.085 40,100
Hexane 0.074 44,700
Heptane 0.101 44,600
Xylene 0.09 40,800
Acetone 0.041 25,800
Dioxane 0.018 26,200
Diethy Ether 0.085 34,200
Benzine 0.048 44,700
Gasoline 0.055 43,700
Kerosine 0.039 43,200
Diesel 0.045 44,400
JP-4 0.051 43,500
JP-5 0.054 43,000
Transformer Oil, Hydrocarbon 0.039 46,000
Fuel Oil, Heavy 0.035 39,700
Crude Oil 0.034 42,600
Lube Oil 0.039 46,000

Reference: SFPE Handbook of Fire Protection Engineering, 2" Edition, 1995, Page 3-2.

-
Heat Release Rate Calculation
Reference: SFPE Handbook of Fire Protection Engineering , 2™ Edition, 1995, Page 3-4.

Q= m"AHcleffAf

Where Q = pool fire heat release rate (kW)
m" = mass burning rate of fuel per unit surface area (kg/mz-sec)
AH, ¢ = effective heat of combustion of fuel (kJ/kg)

As= Agie = surface area of pool fire (area involved in vaporization) (mz)

Q = m"AHA; (Liquids with relatively high flash point, like transformer
oil require localized heating to achieve ignition)
Q= 1856.20 kW 1759.35 BTU/sec
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ESTIMATING CORNER FIRE FLAME HEIGHT

Reference: SFPE Handbook of Fire Protection Engineering, 2nd Edition, Page -2-10.

Hf(Comer) = 0075 Q3/5

Where Q = heat release rate of the fire (kW)
Hf(Comer) =0.075 Q3/5
Hscornen = 6.86 m 22.50 ft ANSWER

NOTE

The above calculations are based on principles developed in the SFPE Handbook of Fire
Protection Engineering, 2nd Edition, 1995.

Calculations are based on certain assumptions and have inherent limitations. The results of

such calculations may or may not have reasonable predictive capabilities for a given situation,

and should only be interpreted by an informed user.

Although each calculation in the spreadsheet has been verified with the results of hand calculation,
there is no absolute guarantee of the accuracy of these calculations.

Any questions, comments, concerns, and suggestions, or to report an error(s) in the spreadsheet,
please send an email to nxi@nrc.gov.

NRR: -

Office of Nulear Reactor Regulation
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CHAPTER 5. ESTIMATING RADIANT HEAT FLUX FROM FIRE TO A
TARGET FUEL

5.1 Objectives
This chapter has the following objectives:

Introduce the three modes of heat transfer.

Explain how to calculate the heat flux from a flame to a target outside the flame.

Discuss point source radiation models and solid flame radiation models.

Identify the difference between solid flame radiation models at ground level and solid flame
radiation models above ground level with and without wind.

. Define relevant terms, including, conduction, convection, radiation, heat flux, emissive
power, and configuration factor.

5.2 Introduction

Fire normally grows and spreads by direct burning, which results from impingement of the flame
on combustible materials, or from heat transfer to other combustibles by means of conduction,
convection, or radiation. All three of these modes of heat transfer may be significant, depending
on the specifics of a given fire scenario. Conduction is particularly important in allowing heat to
pass through a solid barrier (e.g., fire wall) to ignite material on the other side. Nevertheless, most
of the heat transfer in fires typically occurs by means of convection and/or radiation. In fact, it is
estimated that in most fires, approximate 75-percent of the heat emanates by convection (heat
transfer through a moving gas or liquid). Consider, for example, a scenario in which a fire produces
hot gas which is less dense than the surrounding air. This hot gas then rises, carrying heat. The
hot products of combustion rising from a fire typically have a temperature in the range of 800 to
1,200 °C (1,472 t0 2,192 °F) and a density that is one-quarter that of air. In the third mode of heat
transfer, known as radiation, radiated heat is transferred directly to nearby objects. One type of
the radiation, known as thermal radiation is the significant mode of heat transfer for situations in
which a target is located laterally to the exposure fire source. This would be the case, for example,
for a floor-based fire adjacent to an electrical cabinet or a vertical cable tray in a large
compartment. Thermal radiation is electromagnetic energy occurring in wavelengths from 2 to 16
um (infrared). It is the net result of radiation emitted by the radiating substances such as water
(H,0), carbon dioxide (CO,), and soot in the flame.

Chapter 2 discussed various methods of predicting the temperature of the hot gas layer and the
height of the smoke layer in a room fire with natural or forced ventilation. However, those methods
are not applicable when analyzing a fire scenario in a very large open space or compartment. In
large spaces, such as the reactor building in a boiling water reactor (BWR) or an open space in a
turbine building, the volume of the space is too large for a uniform hot gas layer to accumulate.
For such scenarios, fire protection engineers must analyze at other forms of heat transfer, such
as radiation. A floor-mounted electrical cabinet is an example of a ground-level target. A typical
target above ground level is an overhead cable tray.
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5.3 Critical Heat Flux to a Target

Radiation from a flame, or any hot gas, is driven by its temperature and emissivity. The emissivity
is a measure of how well the hot gas emits thermal radiation (emissivity is define as the ratio of
radiant energy emitted by a surface to that emitted by a black body of the same temperature.)
Emmisivity is reported as a value between 0 and 1, with 1 being a perfect radiator. The radiation
that an observer feels is affected by the flame temperature and size (height) of the flame.

The incident heat flux (the rate of heat transfer per unit area that is normal to the direction of heat
flow. Itis a total of heat transmitted by radiation, conduction, and convection) required to raise the
surface of a target to a critical temperature is termed the critical heat flux. Measured critical heat
flux levels for representative cable samples typically range from 15 to 25 kW/m? (1.32 to 2.2 Btu/ft*-
sec). For screening purposes, it is appropriate to use value of 10 kW/m? (0.88 Btu/ft?-sec) for
IEEE-383 qualified cable and 5 kW/m? (0.44 Btu/ft>-sec) for IEEE-383 unqualified cable. These
values are consistent with selected damage temperatures for both types of cables based on the
Electrical Power Research Institute (EPRI), “Fire-Induced Vulnerability Evaluation (FIVE)”,
methodology.

Researchers have developed numerous methods to calculate the heat flux from a flame to a target
located outside the flame. Flames have been represented by cylinders, cones, planes, and point
sources in an attempt to evaluate the effective configuration factors' between the flame and the
target. Available predictive methods range from those that are very simple to others that are very
complex and involve correlations, detailed solutions to the equations of radiative heat transfer, and
computational fluid mechanics. Routine FHAs are most often performed using correlationally
based approaches, because of the limited goals of the analyses and the limited resources available
for routine evaluation. As a result of their widespread use, a great deal of effort has gone into the
development of these methods. Burning rates, flame heights, and radiative heat fluxes are
routinely predicted using these approaches.

Fire involving flammable and combustible liquids typically have higher heat release rates (for the
same area of fuel involved) than ordinary combustibles fires. The flame from a liquid fire is typically
taller, making it a better radiator. Hydrocarbon liquid fires are also quite luminous because of the
quantity of soot in the flames. Sooty fires (such as those created by hydrocarbon liquids) are better
emitters of thermal radiation. Thus, an observer approaching a flammable/combustible liquid fire
feels more heat than an observer approaching a ordinary combustibles fire of comparable size.

The methods presented in this chapter are drawn from the SFPE Handbook of Fire Protection
Engineering, 3™ Edition, 2002, which examines the accuracy of these methods by comparisons
with available experimental data (these methods also presented in the SFPE Engineering Guide,
“Assessing Flame Radiation to External Targets from Pool Fires,” June 1999).

5.3.1 Point Source Radiation Model

A point source estimate of radiant flux is conceptually the simplest representation configurational
model of a radiant source used in calculating the heat flux from a flame to target located outside

"The configuration factor is a purely geometric quantity, which gives the fraction of the radiation
leaving one surface that strikes another surface directly.
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the flame. To predict the thermal radiation field of flames, it is customary to model the flame based
on the point source located at the center of a flame®. The point source model provides a simple
relationship that varies as the inverse square of the distance, R. For an actual point source of
radiation or a spherical source of radiation, the distance R is simply the distance from the point or
from the center of the sphere to the target.

The thermal radiation hazard from a fire depends on a number of parameters, including the
composition of the fuel, the size and the shape of the fire, its duration and, proximity to the object
at risk, and thermal characteristics of the object exposed to the fire. The point source method may
be used for either fixed or transient combustibles. They may involve an electrical cabinet, pump,
liquid spill, or intervening combustible at some elevation above the floor. For example, the top of
a switchgear or motor control center (MCC) cabinet is a potential location for the point source of
a postulated fire in this type of equipment. By contrast, the point source of a transient combustible
liquid spill or pump fire is at the floor.

The point source model assumes that radiant energy is released at a point located at the center
of the fire. Expressed mathematically, the radiant heat flux at any distance from the source fire is
inversely related to the horizontal separation distance (R), by the following equation (Drysdale,
1998):

4R
Where:
g~ = radiant heat flux (kW/m?

Q = heat release rate of the fire (kW)

R = radial distance from the center of the flame to the edge of source fire (m)
x, = fraction of total energy radiated

In 